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ABSTRACT 


Twenty-two (22) Omniweave fabrics were woven of S-glass, Morganite Type n, Thornel 
50S, Boron and mixed fiber combinations of these materials using epoxyprepregged 
weaving elements to demonstrate the manufacturing feasibility of. this weaving approach. 
Selected composites produced from these multidirectional fabrics were evaluated for 
flexure, tensile, compression and interlaminar shear properties to note the effect of 
weave geometry and fiber type on mechanical properties. Analyses were performed 
using the '’OMNI” computer code to estimate composite properties. Off-axis tensile 
data obtained on unidirectional S-glass/epoxy composites were used to determine the 
effective translation of resin/fiber properties to the Omniweave construction. Struc- • 
tural analyses indicated that Omniweave composites of Morganite and/or Boron can be 
utilized for structural skin applications at significant weight savings over state-of-the- 
art materials. 
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SUMMARY 



SECTION 1 


SUMMARY 


This report summarizes the results of an initial survey on the manufacturing feasibility, 
mechanical properties and utility of Omniweave structural composites: 

1.1 MANUFACTURING FEASIBILITY 

1. The ability of the Omniweave weaving process to produce multidirectional 
fabric reinforcement using S-glass, Morganite Type II, Thornel SOS, Boron 
and combinations of the above has been demonstrated. A totalof 22 Omniweave 
fabrics were produced. Weaving difficulties were experienced with Thornel 
50S and Boron (in large width specimens) . 

2. Four different Omniweave geometries were employed. All fabrics were 
produced using prepregged yarns or filament tapes. 

3. Molded composites were prepared from all fabrics produced. In most cases, 
level of porosity was less than five percent. 

4. Several demonstration Omniweave structural skin assemblies were prepared 
and delivered to NASA-MSFC to demonstrate feasibility. 

1.2 MECHANICAL PROPERTIES 

1. Flexural, tensile, compressive, shear, and interlaminar properties were 
determined for selected Omniweave composites . 

2. Boron/HT424 Omniweave composites exhibited maxi m um tensile properties 
which was comparable to those of a unidirectional composite of similar fiber 
volume fraction. 

3. Omniweave composites of S-glass and Morganite had mechanical properties 
slightly lower than those predicted by structural analysis indicating that 
improvements in processing techniques should be sought. 

4. Data trends indicate that a) the layered-in-depth Omniweave construction 
yields higher in-plane strength characteristics than the fiber pitch angle 
construction, and b) strength and moduli data varied with fiber orientation 
as predicted. 

5. The transverse compressive properties of several S-glass and Morganite 
composites were significantly higher than expected. 

6 . Interlaminar shear failure values using the short beam shear approach could 
not be obtained; primary mode of failure was predominantly flexural stress. 
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1.3 STRUCTURAL ANALYSIS 

1. Mechanical property prediction curves for S-glass, Morganite H, Thornel 
50S and Boron Omniweave composites were generated as a function of Omni- 
weave geometry and fiber volume fraction using the "OMNI" computer 
program. In general, the mechanical data follows closely these prediction 
curves. 

2. Off-axis tensile tests were performed on S-glass/epoxy unidirectional 
composite to furnish realistic inputs into the "OMNI" computer code. 

3 . The utilization of Omniweave for launch vehicle structural skin application 
was analyzed with the general conclusions that significant weight savings 
can be realized in both the unpressurized (60 percent weight savings) and 
pressurized (30 percent weight savings) booster regions through the use of 
Boron or Morganite Omniweave structural composites. 
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Within the last decade, many new filamentary materials have been developed having 
significant promise as structural composite reinforcements because of their high 
specific strength and modulus characteristics (Table 2-1). These fiber materials are 
generally processed into unidirectional prepregged sheets which are then laid up at 
angles relevant to the application requirements and cured. Similarly, filament winding 
techniques have been devised to produce weight-efficient structural shell composites 
whose properties are tailored to the application. These filamentary composites have 
excellent in-plane properties but exhibit low interlaminar shear strengths thus limiting 
their utility. Moreover, it has been postulated that fatigue properties are limited by 
this delamination tendency upon flexural cycling. 

Within the last year, GE-RESD has initiated the development of a novel weaving approach 
called Omniweave. The Omniweave process can produce multidirectionally reinforced, 
thick fabrics using advanced fiber materials. These fabrics are composed of inter- 
locking fiber elements which travel in depth so that discrete fiber layers are not formed. 
This absence of resin bonded layers should enhance the composite shear strength and 
improve fatigue characteristics. The penalty for the improvement in these properties 
is a slight drop in in-plane strength and modulus corresponding to the radial fiber path 
angle. The Omniweave interlocking fiber geometry can be tailored to meet complex load 
requirements. Moreover, the weaving of complex shapes such as integrally ribbed 
structural shells, I beams, struts, and trusses are potentially feasible. 

TABLE 2-1. TYPICAL PROPERTIES OF FILAMENTARY MATERIALS* 2, 


Material 

Density 

(lbs/im) 

Young’s 
Modulus 
(psi x 10“6) 

Ultimate 
Tensile 
Strength, 
(psi x 10~ 3 ) 

Specific 
Modulus 
(in x 10 -6 ) 

Specific 
Tensile 
Strength 
(in x 10- 6 ) 

E -Glass 

0.092 

10 

250 

104 

2.7 

S -Glass 

0.092 

10 

500 

104 

5.5 

Morganite Type n 

0.063 

35-45 

350-450 

. 560-710 

5. 6-7.1 

Thornel 50 

0.061 

50 

220 

8.14 

3.6 

Boron 

0.096 

■ 50 

500 

530 

5.3 

Aluminum* 

0.097 

10 

70 

102 

0.72 

Steel (Drawn Wire) 

0.280 

30 

400-600 

104 

1.4-2. 1 

Beryllium* 

0.066 

45 

150 

470 

2.3 


♦Values liste.d are for bulk materials 
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The potential of Omniweave as a superior method of structural composite fabrication 
resulted in the funding by NASA-MSFC for an exploratory effort to investigate this 
fabrication concept. \ . . -> 

The objective of this development program was to generate information for NASA- 
MSFC consideration relative to the manufacture and application of GE Omniweave fiber 
reinforced composites for possible use in launch vehicle structures. 

The goals for this initial study were four-fold: 

a. Explore the manufacturing capabilities* of the GE Omniweave process. 

b„ Assess and modify the analytical methods used to .predict Omniweave mechanical 
properties. . • . - 

c. Generate preliminary mechanical property data on Omniweave composites. 

d. Assess the capability of the Omniweave process to produce useful structural 
composites,. particularly in relation to launch vehicle structural skin/ . 
honeycomb core sandwich. constructions. 

Section 3 describes in detail the experimental program plan used as a guideline towards 
achieving these program objectives. 

1 • , . 

Twenty-two Omniweave fabrics composites using S-glass, Morganite Type n, Thornel 
50S, Boron and mixed fiber epoxy prepr eg systems were produced to study the manu- 
facturing potential of the Omniweave process. Four different Omniweave geometries 
were utilized. A description of the Omniweave concept and a summation of Omniweave 
fabrication is presented in Section 4. . . • 

A wide spectrum of mechanical data was generated on selected Omniweave composites 
including data on flexural, tensile, compressive and shear characteristics. These 
data are summarized in Section, 5. 

Analytical predictions of Omniweave property data and comparisons with test data are 
presented as a function of fiber type, fiber volume fraction and weave geometry in 
Section 6. In addition, a preliminary assessment of Omniweave structural capabilities 
as a launch vehicle structural honeycomb skin is presented in Section 6. 

Section 7 summarizes the results of the study contract in detail and compares Omni- 
weave property data to that of other filamentary composite materials reported in the 
literature. ' 

Section 8 offers recommendations for further work leading to the improvement and 
utilization of Omniweave composites as efficient structural materials. 

The contracted work was performed between June 31, 1969 and May 31, 1970. 
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EXPERIMENTAL PROGRAM PLAN 

The primary goal of this study program is to note the effect of manufacturing process 
variables on physical and mechanical properties of Omniweave composites in relation 
to possible application to launch vehicle structures . The logic diagram shown in 
Figure 3-1 describes the program plan adhered to in order to meet these overall 
objectives . 

Table 3-1 presents the Omniweave composite matrix. Twenty-two (22) epoxy resin 
composites of S-glass, Morganite Type II, Thornel 508, boron (tungsten core) and 
mixed fiber systems were produced in Phase I. In addition, unidirectional S-glass/ 
epoxy composites were fabricated for off-axis tensile evaluation to provide basic 
inputs needed for mechanical property predictions. 

A significant portion of Phase I was devoted to improvement of manufacturing techniques 
such as weaving parameters and molding methods . 

In Phase II, the "OMNI" computer program was employed to predict mechanical test 
performance of the fabricated composites. Flexural properties of most of the Omni- 
weave composites were obtained during the preliminary screening phase and selected 
systems were further evaluated for tensile, compressive and shear properties. 

In Phase HI, the use of Omniweave composites for launch vehicle structural skins was 
analyzed. Several honeycomb core/Omniweave skin assemblies were produced and 
delivered to NASA-MSFC to illustrate the utility of Omniweave structural composites 
as launch vehicle components. 
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^MATERIALS MATRIX IS GIVEN IN TABLE 3-1 


Figure 3~1. 


Program Logic Diagram 









TABLE 3-1. OMNIWEAVE MATEBIALS MATRIX 


Material 

Weave 

Geometry' 

Thickness , 
Layers 

Fabric Designation 

S-Glass/USP23 

45 FPA 

6 

S21A-84 

Epoxy prepreg (9) 

45 FPA 

12 

S21A-91 


45 FPA 

18 

S21A-92 


45 LED 

6 

S21D-85 


45 LID 

12 

S21D-103 


45 LID 

18 

S21D-104 


18 LID 

6 

S21F-93 


18 LID 

12 

S21F-94 


45 FPA plus 

12 

S21A/L-204 


Longitudinals 



Morganite-Type n/ 

45 FPA 

12 

G51A-86 

USP23 epoxy 

45 LID 

12 

G51D-96 

prepreg (3) 

45 FPA plus 

5 

G51A/L-207 


Longitudinals 



Thornel 50S/USP23 

45 FPA 

6 

G71A-98 

epoxy prepreg (1) 




Boron (W Core)/ 

45 FPA 

6 

I11A-101-1 ’ 

HT424 epoxy- 


6 

I11A-101-2 

phenolie resin (5) 


6 

I11A-101-3 



6 

I11A-101-4 



6 

I11A-101-6 

Mixed Fiber 




Systems (4) 




50/50 Boron/HT424/ 

45 FPA 

6 

I11A-101-A 

Morganite Type 11/ 




USP 23 




50/50 Boron/HT424/ 

45 FPA 

6 

I11A-101-9 

S-Glass/USP23 




25/75 Boron/HT424/ 

45 FPA 

6 

I11A-101-10 

S-Glass/USP23 




50/50 Morganite Type 

45 FPA 

6 

I11A-101-11 

n/USP23/S-Glass/ 




USP23 
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FABRICATION OF OMNiWEAVE COMPOSITE S 


4.1 INTRODUCTION TO OMNIWEAVE CONCEPT 

Omniweave is the generic name for a weaving process which, can produce a wide spec- 
trum of multidirectionally reinforced fabrics by the controlled movement of warp yarns. 
All fiber ends are located in a weaving nest in which the fibers can be cycled into any 
direction by the combination of sequential X-direetional and Y-directional nest shifts. 
Yarns move past each other at an angle 0 defined by 0 = tan -1 Y-directional movement/ 
X-directional movement. This angle 0 is termed the fiber pitch angle (FPA). To 
arrive at a better understanding of the Omniweave process, an examination of the 
yarn movements in a 45° FPA Omniweave cycle may prove helpful. These movements, 
and the relative simplicity of the process, are described for a 24-yarn construction in 
Figure 4-1. Each of the numbered squares in Figure 4-1 represents a warp end. The 
spacers lettered "E" are push rods which invade the weaving nest to direct traffic in a 

predesigned fashion. The corner squares are permanent "Stops" no vertical or 

horizontal movement occurs in these rows. The 45° FPA weaving cycle may be broken 
down into four distinct operations (refer to Figure 4-1) , 



Type of Motion 

Cycle Step No. 

Yarn Movement 

1 . 

Horizontal Shifting 

(2M3) 

Rows A, 
Rows B, 

C move 1 unit left 
D move 1 unit right 

2. 

Vertical Shifting 

GMD 

Rows E, 
Rows F, 

G move 1 unit up 
H move 1 unit down 

3. 

Horizontal Shifting 

dMD 

Rows A, 
Rows B, 

C move 1 unit right 
D move 1 unit left 

4. 

Vertical Shifting 

dM© 

Rows E, 
Rows F, 

G move 1 unit down 
H move 1 unit up 

5. 

Horizontal Shifting 

dMD 

Repeat of (0)KD 


During this cycling procedure, yarns are transferred from row to row (travelling in 
depth). Upon close examination of Figure 4-1 it can be seen that all yarns move 1-unit 
in the hoop or fabric width direction followed by 1-unit movement in the fabric thickness 
or radial direction. The path followed by the yarn is described by the hypotenuse of the 
triangle formed by the X-Y coordinate travel; if the X-Y motions are of equal length 
(as in the case described above) a 45-degree FPA Omniweave is produced. Also, it 
may be noted that there are four paths followed by all the weaving fibers which are 
parallel to the diagonals of intersecting planes (Figure 4-2). Since these intersecting 
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[4- DIRECTIONAL FIBROUS REINFORCEMENT] 



Figure 4-2. Fiber Pitch Angle Omniweave: Multidimensional Reinforcement 
in Which the Fibers Follow Paths Parallel to the Diagonals of 
Intersecting Planes 

planes are perpendicular, a "caltrop" or "Body Centered Cubic" fiber array is pro- 
duced, resulting in a geometry in which all fibers are theorefcically_45-degrees to all' 
orthogonal planes.* 

It may be shown from Figure 4-1 that a multitude of fiber geometries can be affected 
by manipulating the travel length of the row shifts - . An odd unit vertical travel 
(moving 1, 3, 5, etc., units) will result in the fibers travelling through-the-thickness 
until they surface; an even unit vertical travel (2, 4, 6, etc. , units) will cause the 
yam to reverse direction and intraweave so that an interlocked, bias oriented knit 
fabric is produced. Manipulation of the row shifting directions, while keeping the 
unit travel constant, can result in other unique weave constructions such as the 45- 
degree layered-in-depth (LID) geometry (Figure 4-9) . By holding alternate vertical 
rows constant, moving the horizontal rows two units and by changing the vertical row 
shift directions, a balanced fiber pitch angle weave containing longitudinals can be 
fabricated (Figure 4-11). Therefore, it can be seen from the foregoing discussion that 
Omniweave is a versatile weaving pattern which canproduce many geometries of 
interest for a wide range of aerospace and commercial applications. ‘ 


*For this particular study, a 5 to 10-degree angle through-the-thickness was purposely 
sought to enhance in-plane properties. 


Use or disclosure of report data is subject to the restriction on the title page of this report. 
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4.1.1 OMNI WEAVE PROCESSING 


The GE Omni weave process currently uses finite filament lengths, the ends of which 
are connected to the nest array. Continuous fibers such as quartz, carbon or other 
unimpregnated or prepregged yarns are prepared into equal length units by spaced 
wrapping of the yarns onto a spoked mandrel (Figure 4-3). Each skein produced in 
this manner can contain up to 16 yarn bundles, each with a maximum length of six 
feet. These yams are connected to the nest array and stressed so that equal lengths 
result. Attachment may proceed through an intermediate nylon monofilament coupling 
loop which is internally connected to a nest insert (Figure 4-4a). Discontinuous fibers 
such as Morganite Type n (meter length) and yarns which cannot be looped are 
attached by several techniques, one of which is heat-shrinkable tubing to splice the 
fiber to the filament/insert assembly, (Figure 4-4b). After loading, the weave 
fibers are combed thoroughly by inserting rods between parallel rows of yarn to • 
prevent premature yarn crossovers and to remove slack prior to nest cycling. An 
Omniweave is produced by cycling the yams in the weaving nest, followed by combing 
the crossovers to the prewoven length. Figure 4-5 illustrates the combing procedure. 


Depending upon the particular Omniweave geometry, fiber handling characteristics, 
and intended application, the following combing options may be employed: 


Weaving Fiber Conditions 

Combing Tools 

Weaving Packing Options 

Lax (supported) 
Stressed (unsupported) 

Full pin tooth comb 
Full blade comb 
Partial blade comb 
Single blade comb 

High packing pressure 
Low packing pressure 
Fiber spreading 
Fiber tensioning 


When the weaving fibers are stressed (weighted) during the weaving process, the. fiber 
crossovers assume an axial orientation with a shallow fiber angle in the radial direc- 
tion. By weaving with the yarn ends supported (lax), the fiber crossovers, assume •- 
an angle closer to the theoretical angle but with a lower fabric density. - . 

A full pin tooth or full blade combing tool will simultaneously carry all stitches to the 
prewoven fabric length. Due -to multiple fiber interferences, minimal fiber separation 
and low stitch density results. Weaving speed is significantly enhanced. A partial 
blade comb does allow for greater individual fiber separation and packing. The best 
combing implement is the single tooth comb since it can cause greater weave compac- 
tion by forcing individual crossovers closer to the prewoven length. This technique 
is the most time-consuming but results .in significant enhancement of fabric density. 
Figure 4-6 presents photographs of specific combing devices. 
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Figure 4-3. Yarn Preparation for use with Omniweave Equipment 

Stitch packing by high comb pressure is a rapid weaving technique but increases the 
amount of fiber crimp. Low comb pressure packing results in a low density weave 
with a shallow radial angle but with minimal fiber damage. The fiber spreading 
technique will allow weave crossovers to nest fairly well and aids in weave densifica- 
tion. In the fiber tensioning approach, all weaving yarns are pulled away from the 
prewoven length, minimizing crimp and producing a weave approaching the theoretical 
limit in density. However, it is a time-consuming process which is not practical for 
the production of most weaves . 

The Omniweave process has been operational for approximately one year during which 
time it has been learned what can and cannot be done with the equipment which was 
built primarily to demonstrate the potential of Omniweave. During this time period, 
improvements in yarn handling and combing techniques have been made which have 
resulted in higher woven fabric densities and weave uniformity. 

The development of more sophisticated finite length equipment and continuous equip- 
ment (which may require no combing) will result in higher weave densities with 
greater uniformity produced at a lower cost. Continuous equipment will eliminate 
limitations due to finite yarn lengths and more complex Omniweave geometries and 
shapes will be fabricable. 


Use or disclosure of report data is subject to the restriction on the title page of this report. 
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a. Monofilament Coupling Attachment 



b. Heat-Shrinkable Tubing Splice Technique 
Figure 4-4. Yarn Attachment Techniques 


Use or disclosure of report data is subject to the restriction on the title page of this report. 



Figure 4-5. Combing of Stitch Crossovers 
4.1.2 SELECTED OMNIWEAVE GEOMETRIES 

Four Omniweave configurations were selected for evaluation in this study program. 
These geometries furnish an insight into the effect of geometry on structural pro- 
perties. These geometries were: 

1. 45-degree Fiber Pitch Angle Construction (Figure 4-7a) 

2. 45-degree Layered-In-Depth Construction (Figure 4-7b) 

3. 18-degree Layered-In-Depth Construction (Figure 4-7c) 

4. 45-degree Fiber Pitch Angle Construction with Longitudinals-- (triaxial) 
construction (Figure 4-7d) 

The 45-degree FPA geometry produces an Omniweave fabric very similar in con- 
struction to braid (Figure 4-2). Fibers travel from surface to surface passing each 
other at a constant radial angle of 5 to 45— degrees. As the radial angle is decreased, 
in-plane (axial and/or hoop) properties increase; as the radial angle gets steeper, an 
increase in radial or dynamic strength is observed. The 45-degree FPA Omniweave 
may be viewed as a starting point for composite property assessment since a significant 
amount of test data and analyses on other materials systems have been obtained 
(Figure 4-8). 


Use or disclosure of report data is subject to the restriction on the title page of this report. 
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a. Full Width Blade Comb 


b. Full Width Pin Tooth Comb 




c. 


12-blade Bayonet Comb (left) d. Single Blade Comb 

6-blade Bayonet Comb (right) 

Figure 4-6. Omniweave Combing Devices 
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a. 45-degree FPA Geometry 


b. 45-degree LID Geometry 



c. 18-degree LID Geometry 


d. 45-degree Triaxial Geometry 


Figure 4-7. Selected Omniweave Geometries , 


Use or disclosure of report data is subject to the restriction on the title page of this report. 
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SPECIFIC 45 FPA WEAVE ARRANGEMENTS 


Weave No, 

No. of Blades 

No, of Rows 

.S21A-84 

6 ' 

83 

G51A-86 

12 

36 

S21A-91 

12 ' 

. 83 

S21A-92 

18 

83 

G71A-98 

5 ' 

5 

IllA-101-1 

5 

11 

I11A-101-2 

5 

11 1 

nu-ioi-3 

5 

11 

IllA-101-4 

5 

11 

lllA-101-6 

5 

11 

I11A-101-A 

5 

12 1 

XllA-lOl-9 

5 

12 

I11A-101-10 

5 

12 

IUA-101-U 

5 

12 


Figure 4-8, Yarn Movement Mechanism for 45-degree FPA Omniweave Geometry 


Blade 




An extremely attractive Omniweave configuration for the enhancement of in-plane 
structural properties is the 45-degree layered-in -depth (LID) construction. Nest 
yarn and cycling in the 45-degree LID geometry is similar to the 45-degree FPA 
design except that the vertical-shifting sequence is changed from adjacent rows mov- 
ing in opposite directions to a non -symmetrical shift sequence where two adjacent 
rows are moved in the same direction, while an adjacent single row is shifted in the 
opposite direction (Figure 4-9). This cycling scheme produced a highly interlocked 
planar weave in which fibers do not travel through-the-thickness but interlock with 
fiber layers in adjacent planes. (This weave may be compared to a bias oriented 
laminated structure in which both warp and fill yams travel in-depth to interlock 
with neighboring laminae). This geometry yields higher in-plane mechanical pro- 
perties than a 45-degree FPA design. Due to the presence of many interlocking 
layers, interlaminar shear properties should be high. 

The 18-degree LID Omniweave geometry is similar to the 45-degree LID construction, 
the major difference being that the weaving fibers are oriented at an angle more con- 
ducive to realizing greater hoop strength. This is achieved through the use of the 
yarn cycling sequence illustrated in Figure 4-10. However, due to fiber stiffness 
restraints and our current equipment limitations, yarn could not be effectively mani- 
pulated into this configuration. 

The fourth Omniweave geometry produced for this study was a 45-degree FPA design 
with additional longitudinal fibers (triaxial fabric). This Omniweave design is affected 
by creating a 2-unit horizontal row shift pattern, creating non-moving rows in alternate 
vertical rows and by a change in the vertical shift cam (Figure 4-11). The fibers in 
the non-moving vertical rows weave in as longitudinals . This particular weave has 
fiber components travelling axially and in the bias direction. Its properties should 
be similar to those for the 45-degree FPA weave but with enhanced axial structural 
properties. 


Use or disclosure of report data is subject to the restriction on the title page of this report. 
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SPECIFIC 45 LID WEAV E ARRANGEMENTS 


Weave No. 

No. of Blades 

No, of Rows 

S21D-85 

6 

78 

G51D-96 

12 

36 

S21D-103 

12 

78 

S21D-104 

18 

78 
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Figure 4-9, Yarn Movement Mechanism for 45-degree LID Omniweave Geometry 
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Figure 4-10. Yarn Movement Mechanism for 18-degree LID Omniweave 
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Figure 4-11. Yarn Movement Mechanism for Triaxial Omniweave Geometry 





4 . 2 MATERIALS SELE CTION 


4.2.1 FIBER SELECTION 

A relatively inexpensive reinforcement, S-glass 20-end roving, was selected as the 
baseline material to study the effect of weave geometry on composite performance 
and to prepare unidirectional and off-axis test coupons to study the degree of trans- 
lation of fiber strength and modulus to Omniweave configurations. 

Ten thousand filament end Morganite Type n roving was chosen for its high specific ' 
strength and moderate specific modulus character. Ten thousand filament end roving 
was the only form in which this fiber was available. Previous efforts had indicated 
its suitability for weaving. 

Thornel 50S 2-ply yarn has a high specific modulus with moderate specific strength-. 

It had never been processed on Omniweave equipment. 

Boron (tungsten core) l/8-inch wide filament tape was selected for its high specific 
strength and modulus . This contract initiated the first weaving of this prepreg. 

All of the fibers selected for fabrication into Omniweave composites — S-glass, Mor- 
ganite Type H, boron, and Thornel 50S — represent well characterized and commercially 
available materials which have high specific strength characteristics . In addition, 
boron (tungsten core) and Thornel 50S have high specific modulii which may prove to 
be beneficial for this and other structural applications. Table 4-1 summarizes the 
characteristics of the selected fibers . All reinforcement with the exception of boron* 
were woven as prepreg using USP23 epoxy resin. Thus , the selected fibers exhibit a 
wide range of structural properties which are useful for the production of efficient 
structural composites. 

4.2.2 RESIN SELECTION 

USP23, a proprietary epoxy resin developed by the US Polymeric Company, Incorpor- 
ated, Santa Ana, California, was selected as the resin prepreg for all the fiber re- 
inforcements* . USP23 was selected for use because of the following factors. 

1. This resin material was reported to have good strength, modulus and tough- 
ness performance (Table 4-2). 

2. USP23 epoxy can be utilized as a prepregging resin resulting in a coated fiber 
suitable for weaving on Omniweave process equipment. The prepreg is dry 
(non-tacky) flexible, and abrasion resistant. 


*Due to non-availability of boron .filaments from vendor sources, HT424/boron was 
used to -substitute for USP23/boron at a-later date in the program. 
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TABLE 4-1. FIBER CHARACTERISTICS * 2 ’ 3 ) 


Material 

S -Glass 

— 
Morganite Type n 

Thornel SOS 

Boron (w) 
Core 

Fiber Form 

20 end 
roving 

10, 000 filament 
tow (continuous) . 

4 strands 
of 2 ply yam 

collimated 
1/8!’ wide 
tape. 

Filament Diameter 

10 

7.5 

6.6 . , 

100 : • 

" Density, g/cc 

2.49 

1.78 

1.68 

2.62 . 

Tensile Strength 
psi 

500,000 

400,000* 

220,000 

380 to 600 x 10 3 

Tensile Modulus 
x 10“®, psi 

12.3 

35 - 45* 

50 

60 

1 


*Test data indicates that actual fiber modulus and strength were 28.5 x 10® psi and 
250, 000 psi (See Section 7.2). 


TABLE 4-2. RESIN CHARACTERISTICS 


Property 

USP23 Epoxy Resin( 4 ) 

HT424 Epoxy-Phenolic 

Resin(5) 

Tensile Strength 

12, 000 psi 

8, 000 psi 

Tensile Modulus 

540, 000 psi 

500, 000 psi>' 

Flexural Strength 

18, 000 psi 


Flexural Modulus 

310,000 psi 


Compressive Strength 

- 

17, 600 psi ' 


Compressive Modulus 

580,000 psi 

* 

Specific Gravity 

1.20 gm/cc 

1.22 gm/cc 

% Elongation (75°F) 

3.5 -4.5 


Coefficient of Linear 

4. 5-5.0 x 10 -5 iri/in°F 


Expansion 

- 


Poisson’s Ratio 

0.40 


Shear Strength 

9,000 Johnson Shear 

! 
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3. The resin has a long storage life at room temperature (approximately one year) 
making it possible to order all prepreg at the onset of the program and being 
able to use it at any time within the contract duration. 

4. US Polymeric has had extensive experience with this resin system so that 
problems in non-uniformity and batch-to-batch variations in the prepreg 
could be minimized. 

All prepreg, with the exception of boron, was processed using USP23 epoxy. HT424 
epoxy-phenolic resin was used to coat the boron tape. This prepreg system was selected 
on the basis of its extensive development and characterization by GE-RESD^) 0 Table 
4-3 summarizes the characteristics of all the prepregged reinforcement utilized in - 
this study. 
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TABLE 4-3. Prepreg Fiber Characteristics^) 


Material 

S-Glass 901 Epoxy/ 
USP-23 Prepreg 

Morganite Type 11/ 
USP23 epoxy prepreg 

Thornel 50S 
USP23 epoxy 
Prepreg 

Boron (Tungsten Core) 
Epoxy phenolic prepreg 

US Polymeric 

W-1369 

W-1441 

W-1398 

W-1404 

W-1079 W-1083 

Lot Number 






Quantity, lbs. 

70 

15 

14 

12 

5 | 

Prepreg 

20 . 

20 

10,000 filament 

4-Yarn tape 

1/8" wide tape, 29 Filaments 

Form 

end 

end 

continuous tow 


■ 


roving 

roving 




Resin Content 

20.0 to 

25.0 to 

33.4 to 38.0% 

33.4 to 34.9% 

38 - 42% 


23.1% 

26.5% 




Volatiles 

0,6 to 

0.0 to 

3.8 to 5.5% 

3.9 to 5.5% 

<10% 


0.9% 

1.2% 




Time 

10 min. 

10 min. 

j 

10 min. 

9 min. 

10 min. 

Temp. 

325° F 

325°F 

325°F 

325°F 

325° F 

Weave Use 

S21A-84 

S21F-92 

G51A-86 

G71A-98 

IllArlOl-l ‘ 

1 

S21D-85 

S21F-93 

G51D-96 


I11A-101-2 ‘ 


S21A-91 

S21A/L-204 

G51A/L-207 


I11A-101-3 


S21A-92 


I11A-101-A 


IllArl01-4 


S21D-103 


I11A-101-.10 


I11A-101-A 


S21D-104 




IllA^101-6 


I11A-101-9 




I11A-101-9 


I11A-101-10 




I11A- 101-10 


I11A-101-11 



* 







4 . 3 FABRICATION OF UNIDIRECTIONAL TEST COUPONS 


In order to arrive at more realistic estimates of Omniweave composite properties, it 
is necessary to determine the resin/fiber shear interface properties . These data were 
obtained from a series of off-axis instrumented tensile tests oxi unidirectional com- 
posites. These data served as a basic input to the "OMNI" computer code (See Sec- 
tion 6.1) to determine the constants in the equations used for analytical prediction of 
composite properties. Unidirectional test coupons oriented at 0, 20, 45, 60 and 90- 
degrees were prepared using the following procedure (test data appear in Section 5.1): 

The S-glass/USP23 prepreg was circumferentially wound on an 11-inch' diameter by 
12-inch long cylindrical mandrel. The feed advance was adjusted to the average width 
of the prepreg (2/25-inch advance/revolution) to minimize overlap and gaps while 
winding. When a layer of circumferentials was completed, it was removed from the 
mandrel and flattened into a 12-inch by 34-inch sheet. The sheet was then' cut into 8- 
inch by 10-inch plies which were stacked 11 deep in an 8-inch x 10-inch compression 
mold. The panel was then given the cure cycle shown in Table 4-4b. This cure cycle 
yielded panels which were essentially transparent in the l/8-inch thickness. The 
panels were characterized (Table 4-5) and tensile samples machined at the desired 
orientations. 


TABLE 4-4. OMNIWEAVE CURE CYCLES FOR USP23 EPOXY COMPOSITES 


a. Original Cure Cycle 

Time 

Temperature 

Pressure 

(min.) 

(°F) 

(psi) 

8-10 

R.T. to 150 

100 

30 

150 

100 

10-12 

150-250 

100 

30 

250 

100 

30 

250 

1000 

5-6 

250-300 

1000 

60 

300 

1000 

Air Cool 

300 - R.T. 

1000 

r b. Modified Cure Cycle 

Time 

' Temperature 

Pressure 

(min.) 

<°F) 

(psi) 

5 

Ro To 

1000 

30 

R.T. to 250 

100 

30 

250 

100 

30 

250 

1000 

15 

250-300 

1000 

60 

300 

1000 

30 

300 to R.T. 

1000 
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4.4 PRELIMINARY PROCESSING STUDIES • 


4.4.1 S-GLASS/USP23 PREPREG 

The S-Glass/USP23 prepreg was highly uniform, non-taeky and flexible.. It was utilized 
immediately to provide full size Omniweave panels. Portions of the S-Glass/USP23 
Omniweave S21A-84 and S21D-91 were molded in accordance with a cure cycle furnished 
by US Polymeric (Table 4-4a). These composites were non-uniform in appearance due 
to the dominance of resin-rich and resin-starved areas, and poor fiber wetting. This 
non-homogeneity was rectified by the installation of a new cure cycle (Table 4-4b) which 
did not provide for a time dwell at 150° F. Most S-glass Omniweave panels were 
fabricated using this cure cycle. 

4.4.2 MORGANITE TYPE II/USP23 

The Morganite prepreg was processed by US Polymeric in a similar manner to the S- 
glass prepreg so that weaving and curing parameters would be similar. The resin 
content of the Morganite prepreg was higher yet this did not adversely affect pro- 
cessing characteristics. No significant problems were encountered in using this pre- 
preg system. 

4.4.3 THORNEL 50S/USP23 

The filaments were collimated into 8-ply bundles (4-strands) which were subsequently 
prepregged and staged in a similar manner to the Morganite and S-glass prepreg 
material.. The individual Thornel bundles assumed a flat or ribbon configuration - 
which was extremely sensitive to bending damage. The prepreg quality varied from 
spool to spool, none of it really suitable for weaving. 

The Thornel 50S prepreg was received as a level wound prepreg separated by parting 
sheets on 6-inch diameter spools. The prepreg system was extremely difficult to 
remove from these spools and generally broke and fractured at the spool surface. 

A 6- by 7-element Omniweave strip was successfully woven into a trial weave by ex- 
cerising extensive care. Extremely low combing pressure was used and about 10 to 
15 percent of the weaving elements shattered during the weaving trial. 

Several attempts were made to prepare a 6-layer by 36-yarns/layer 45-degree FPA 
Omniweave strip using this Thornel 50S/USP23 prepreg. In the first attempt, the 
prepreg was loaded into the weaving nest without any pretreatment. During the first 
combing operation, about 10 percent of the weaving yarns broke in a brittle fracture 
mode. These loose yarns interfered strongly with oriented yarns on subsequent comb- 
ing operations causing more extensive fiber fracturing. This weaving attempt was 
then aborted. 
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Prior to the second full size weaving attempt, several lengths of prepregged Thornel 
50S were coated with various lubricant or diluent materials such as polyethylene glycol, 
water, acetone, methanol and combinations of these materials. Then the treated pre- 
preg was handled and combed to note if any of these coatings could minimize fiber 
damage. The coating mixture of 25 parts Polyethylene Glycol and 75 parts water ex- 
hibited greater flexibility, toughness , and less tack than the others and another weav- 
ing attempt was made using this treated prepreg. Again, significant yarn damage 
and fracture occurred during combing due to the presence of brittle regions and varying 
tackiness along the fiber lengths. This weave was then aborted. 

Efforts were then redirected to weaving non-prepregged Thornel 50 yam. This' yarn 
can bend around a 1-inch diameter rod without visible damage end when heavily. coated 
with water and did not fray severely under several simulated combing trials. 

The water-coated Thornel 50 yarn was being loaded into the carrier blades for another 
weaving -attempt when a program change was made to delete Thornel 50 from the Omni- 
weave material matrix. Consequently, all work stopped on the fabrication of Thornel 
50 Omniweave materials. 

4.4.4 BORON (W) CORE /HT424 RESIN 

A l/8-inch wide Boron/HT424 prepreg tape was procured. The prepreg was in the 
form of a wide thin ribbon which had non-tacky characteristics and could tolerate only 
slight bending. The l/8-inch tape was cut into 2-foot lengths and positioned into a 
6x6 (36-element) 45-degree FPA weaving nest by a metal hook attachment through 
a heat shrinkable tubing coupling. Combing was done after each half-cycle using low • 
comb pressure and little fiber damage was observed. This trial weave indicated that 
boron can be successfully woven on current finite length Omniweave equipment. Later 
attempts to weave thicker sections proved to be unsuccessful and all boron strips 
woven on the program were 6-layers wide by 11-units in width (0.050 - 0.060-inch‘ * 
molded thickness). 
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Figure 4-12. S21D-85 Omniweave Fabric 


Figure 4-13. 


S21A-91 Omniweave Fabric 



(a) Top View 


(b) Side View 


Figure 4-14. 


S21A-92 Omniweave Fabric 


4-25 


4.5. 1.5 Fabrics No. S21F-93, S21F-94 

The weaving nest set-up for these weaves is shown in Figure 4-10. The fibers were 
skeined into 43 -inch length units and attached to the carrier blades using the mono- 
filament coupling device. This first attempt to weave a fine textured 18-degree LID 
weave was relatively unsuccessful. The prepreg yarn had a tendency to spread and 
twist. Also, it had a rougher surface than yarns from the previous vendor batch. 

The weaves exhibited non-uniformity due to combing difficulties and the inability to 
approach the intended fabric geometry. Combing was accomplished using a single 
tooth comb which was sequentially positioned between every insert row. Individual 
stitches were forcibly pushed to the prewoven length where the interstitch region was 
spread by replacing the tooth comb with a l/2-inch diameter rod, and applying down- 
ward force. The woven weight was unsupported. Figures 4-15 and 4-16 illustrate 
weave non-uniformity. 

4.5. 1.6 Fabric No. S21D-103 

The weaving nest set-up for S21D-103 fabric is illustrated in Figure 4-19. It was 
woven simultaneously with S21D-85 and was processed in an identical manner." Figure 
4-17 is a photograph of this fabric. 

4.5. 1.7 Fabric No. S21D-104 

The weaving nest set-up for S21D-104 is shown in Figure 4-9. This weave was 
processed using techniques developed for S21D-85. Figure 4-18 is a photograph of a 
segment of this fabric. 

4.5.1. 8 Fabric No. S21A/L-204 

The weaving nest set-up for S21A/L-204 is shown in Figure 4-11. Weave S21A/L-204 
was the first attempt to weave a triaxial fabric, i. e. , a 45-degree FPA fabric with 
woven longitudinals. Using techniques similar to those employed on certain weaves 
such as S21A-84 resulted in loose packing density due to interference from the longi- 
tudinal yarns, whose vertical drape drastically affected combing procedures. Figure 
4-19 is a photograph of this fabric. 

The first half of the woven length (3-l/2-inch) was combed using singular teeth to comb 
each stitch row. The weave. weight was unsupported. High combing force with fiber 
spreading was employed. The weaving technique was then changed to one in which 
higher fiber packing and an equiaxial fiber network was produced. The weave was 
supported approximately 1-inch below the prewoven length, and, after combing with 
the single tooth blade, fibers on either side of the blade were tensed to remove fiber 
slack and crimp from the prewoven lengths. This new weaving approach, while 
assuring greater uniformity and packing density, was extremely time-consuming. For 
economic reasons, this weave was stopped after only a 7-inch total length was woven. 

A limited amount of test data was obtained from this geometry. Figure 4-20 illustrates 
the various regions of this triaxial fabric. 
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Figure 4-15. S21F-93 Omniweave Fabric Figure 4-16. S21F-94 Omniweave Fabric 
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4.5.2 MORGANITE TYPE H/USP23 OMNIWEAVE FABRICS 
Three Morganite epoxy Omniweave fabrics were produced: 

1. G51A-86 — 12 layer 45-degree FPA Fabric 

2. G51D-96 — 12 layer, 45-degree LID Fabric 

3. G51A/L-207 — 5 layer 45-degree FPA and Longitudinals Fabric 

4. 5. 2.1 Fabric No. G51A-86 

The weaving nest array for the G51A-86 prepreg fabric is illustrated in Figure 4-8. 
Morganite/USP23 was skeined into 43-inch length units and loaded into the insert 
carrier Blades using a monofilament loop coupling. A six-blade bayonet comb was 
used to carry the weave crossovers to the prewoven length after each half-cycle. The 
weave was unsupported. A large fixed blade comb was inserted to ensure uniformity 
across the width after every cycle. Figure 4-:21 is a photograph of this prepreg weave. 

4.5. 2.2 Fabric No. G51D-96 

The fiber movement mechanism for G51D-96 is shown in Figure 4-9. Morganite/USP23 
was skeined into 43-inch lengths and loaded into the carrier blades using a monofilament 
loop coupling. The prepreg had many irregular regions along its length which prevented 
the use of a full size comb. After each half-cycle, a single tooth blade was inserted 
between each insert row and the weave crossovers were sequentially brought down to 
the prewoven length. Next, a six-blade alternate stitch comb was used to compact the 
weave followed by a 12-blade bayonet combing. The weave was unsupported. 


4.5. 2.3 Fabric No. G51A/L-207 

G51A/L-207 was woven as a shallow axial 45-degree FPA weave with additional woven 
longitudinal fibers. The yarn motions are described in Figure 4-11. The weave was 
unsupported during the entire weaving cycle. After each half-cycle, the weave cross- 
overs were sequentially combed using a single tooth blade. Low combing pressure was 
utilized to affect a shallow axial fiber orientation with minimal fiber damage. Figure 
4-22 presents a view of this particular fabric. 

4.5.3 THORNEL 50S/USP23- OMNIWEAVE FABRIC 

Only one Thornel prepreg fabric, G71A-98, was produced. This was due primarily to 
weaving difficulties as discussed in Section 4.4.3. Also a change in program scope 
occurred after the first fabric was produced which resulted in Thornel 50S/USP23 
being removed from the materials matrix. One tensile test was performed on this 
Thornel Omniweave composite. 

4.5. 3.1 Fabric No. G71A-98 

The nest arrangement for G71A-98 is shown in Figure 4-11. Four 2-ply prepreg yarn 
ends were attached to the nest using heat-shrinkable tubing coupled through a metal 
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hook attachment. Combing was done using a singular tooth comb with weave packing 
proceeding after each half cycle. Low combing pressure was utilized to affect a 
shallow axial angle weave with minimal fiber damage. 

4.5.4 BORON/HT424 PREPREG OMNIWEAVE FABRICS 
Five boron/HT424 Omniweave fabrics were woven: 


1. I11A-101-1 ^ 

2. I11A-101-2 

3. I11A-101-3 > 

4. I11A-101-4 

5. I11A-101-5 J 


6 layer, 45-degree FPA Fabric 


All of these were made using the same weaving nest cycling sequence as illustrated in 
Figure 4-11 and identical weaving techniques. 

The boron prepreg tape was attached to the weaving nest by a heat -shrinkable coupling 
to a nylon monofilament loop. A single tooth comb was utilized to sequentially comb 
weave crossovers after each half cycle. Special efforts were made during combing to 
prevent tape breakage. The yarn ends were held under mild tension and minimal 
combing pressure was exerted. 

The original objective for weaves I11A-101 was to produce 4 to 6-inch wide, 6 and 
12-layer boron Omniweave composites. Many attempts to do so were aborted because 
of excessive tape damage due to snarls, premature crossovers and entanglements of 
this brittle prepreg tape system. Since a wide strip could not be obtained on our present 
finite length equipment, it was decided to prepare many narrow strips of boron alone 
and boron in combination with other fibers to determine if there was a synergistic effect 
introduced in tensile properties. Subsection 4.5.5 discusses mixed fiber Omniweave 
fabric production. 

4.5.5 MIXED FIBER OMNIWEAVE FABRICS 

Four mixed fiber narrow Omniweave fabrics were prepared : 

1. I11A-101-A — 50/50 Boron/HT424/Morganite Type II/USP23 

2. I11A-101-9 — 50/50 Boron/HT424/S-Glass/USP23 

3. I11A- 101-10 — 25/75 Boron/HT424/S-Glass/USP23 

4. I11A-101-11 — 50/50 Morganite Type Il/USP23/S-Glass/USP23 
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4. 5. 5.1 Fabric No. I11A-101-A; 


The nest set up for this mixed boron/Morganite system is shown in Figure 4-23a. Both 
fiber types were attached to the nest through a heat -shrinkable coupling to a monofila- 
ment loop attachment. The weave was combed in a manner similar to the techniques 
employed for weave I11A-101-1. 

4. 5. 5. 2 Fabric No. I11A-101-9: 

The nest set-up was identical to that employed for weave I11A-101-A except that S-glass 
replaced Morganite in the nest array. (Figure 4-23b). The boron was attached by the 
same technique as in I11A-101-1 with the S-glass prepreg looped through a monofilament 
attachment loop. Combing procedures was the same as that used for Weave I11A-101-1. 

4. 5. 5. 3 Fabric No. I11A-101-10: 

The nest set up for this weave is shown in Figure 4-23c. Methods of attachment and 
weaving procedures are the same as those used with weave I11A-101-9. Figure 4-24 
is a photograph of this mixed fiber Omni weave fabric. 

4. 5. 5.4 Fabric No. I11A-101-11; 

The weaving nest arrangement is illustrated in Figure 4-23d. Both filaments were 
attached to the nest inserts by looping through a nylon monofilament attachment. A 
single tooth comb was sequentially employed after each half-cycle while the weave yarn 
ends were maintained under moderate tension. 


¥ 
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4-32 Use or disclosure of report data is subject to the restriction on the title page of this report. 


■ 

M 

E 

M 

E 

M 

E 

M 

E 

M 

E 

M 

E 

■ 

JL 

B 

n 

B 

M 

B 

M 

B 

M 

B 

M 

B 

M 

E 

E 

M 

B 

M 

B 

M 

B 

M 

B 

M 

B 

M 

B 

M 

M 

B 

M 

B 

M 

B 

M 

B 

M 

B 

M 

B 

M 

E 

E 

M 

B 

M 

R 


B 

M 

B 

M 

p 

M 

B 

M 

M 

B 

M 

B 

M 

B 

M 

B 

M 

B 

M 

B 

M 

E 

■ 

LL 

B 

E 

B 

E 

B 

E 

B 

E 

B 

E 

_bJ 

a 


(a) Weave I11A-101A 


■ 

r 

E 

s 

E 

s 

E 

s 

E 

S 

E 

S 

E | 

■ 

s 

M 

s 

M 

S 

M 

S 

M 

S 

M 

s 

M 

S 

E 

E 

S 

M 

s 

M 

s 

M 

S 

M 

s 

M 

S 

M 

S 

S 

M 

S 

M 

s 

M 

S 

M 

s 

M 

S 

M 

s 

E 

E 

s 

M 

S 

M 

s 

M 

S 

M 

S 

M 

S 

M 

S 

s 

M 

s 

M 

S 

M 

s 

M 

s 

M 

s 

M 

s 

E 

■ 

LL 

M 

E 

M 

E 

M 

E 

M 

E 

M 

E 

_mJ 

a 


(d) Weave I11A-101-11 
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(b) Weave I11A-101-9 

M = Morganite Type II/USP23 
B = Boron (W Core) HT424 
S = S-Glass/90l/USP23 


(c) Weave I11A-101-10 

| = Corner stop 
E = Vacant yam slot 


Figure 4-23. Nest Fiber Arrays for Mixed Fiber 45-degree FPA Geometries 



(a) Top Surface View 



(b) Bottom Surface View 

Figure 4-24. I11A-101-10 25/75 Boron/S-Glass Omniweave Fabric 
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4.6 OMNIWEAVE COMPOSITE FABRICATION 


4.6.1 GLASS/USP23 OMNIWEAVE COMPOSITES 

The resin and volatile contents of the prepr egged glass Omniweave fabrics were deter- 
mined prior to molding. The volatile content of the prepreg was determined by curing 
at 300° F for twenty minutes and measuring the weight loss. The resin content was 
determined by soxhlet extraction of the prepreg with dimethylformamide. The resin 
content of the prepregged Omniweave varied between 19 and 25 percent, and volatile 
contents averaged about one percent. Several trial Omniweave panels were molded at 
various conditions to determine the optimum cure cycle. (The manufacturer's 
recommended cure cycle produced poor quality panels). Cure cycles A and B (Table 
4 _ 7 ) yielded molded panels having high density and low porosity values. The resin 
content was determined by measuring panel weight loss after exposure to 1100 F for 
8 hours. Densities of the molded parts ranged from 1.93 to 2.02 g/cc and resin 
contents from 20 to 26 weight percent. Table 4-8 presents a molding summary for the 
S-glass Omniweave composites. 

4.6.2 MORGANITE/USP23 OMNIWEAVE COMPOSITES 

The Morganite/USP23 prepreg Omniweave fabrics were characterized using the same 
methods as used for the glass fabrics. Resin contents varied between 33 and 38 weight 
percent, and volatiles averaged about one percent. Cure cycles A and B (Table 4-7) 
were used to mold the Morganite Omniweave panels . Densities of the molded parts 
were 1.44 to 1.48 g/cc with resin contents between 34 and 38 percent. The resin con- 
tent of the Morganite panels was calculated by measuring the weight loss during molding 
and using procedures outlined in Section 10.1. Table 4-9 presents a molding summary 
for the Morganite Omni weave composites. 

4.6.3 BORON, THORNEL AND MIXED FIBER OMNIWEAVE COMPOSITES 

The molding conditions were modified to each Omniweave composite system. Eight 
inch lengths of these Omni weave strips were molded at their woven width (3/4-inch to 
1-inch) in a steel slot mold. No prepreg analysis was performed due to the limited 
amount of material available. (Vendor figures on resin, volatile content were used). 
Table 4-10 presents a molding summary for these composites. Calculations used to 
determine resin/fiber contents are listed in Section 10.2. 
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Time 

(min) 


Pressure 

(psi) 


Temperature 

(°F) 

(A) 


5 

RT 

'1000 

15 

R.T. - 250° 

100 

30 

250° 

100 

30 

250° 

1000 

5 

250 - 300° 

1000 

60 

300° 

1000 


(B) 


Time 

Temperature 

Pressure 

(min) 

(°F) 

(psi) 

5 

R.T. 

1000 

15 

R.T. - 300° 

100 

90 

300° 

1000 


(C) 


Time 

Temperature 

Pressure 

(hr) 

( °F) 

(psi) 

1 

300° 

100 

8 

350° 

0 


(D) 


Time 

Temperature 

Pressure 

(hr) 

(°F) 

(psi) 

3 

300° 



(E) 


Time 

Temperature 

Pressure 

(min) 

(°F) 

■ (psi) 

20 

R.T. - 250° 

■■9 

15 

250° 

lift 

15 

250° 

1000 

5 

250 - 300° 

1000 

60 

300° 

1000 
















TABLE 4-8* MOLDING AND CHARACTERIZATION OF S-GLASS/USP23 OMNIWEAVE COMPOSITES 


Fiber 

Content Porosity 
(wt. %) (vol. %) 


Resin 

Fiber 


Content 

Content 


(vol. %) 

(vol. %) 

Test Samples 



flexure 

tensile, shear, compression 
flexure 

structural skin demonstration 
item 

flexure 

structural skin.demonstration 
item 


structural skin demonstration 
item 
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TABLE 4-9. MOLDING AND CHajk.au lmm^ATlON OF MORGANITE/USP-23 OMNIWEAVE COMPOSITES 


Omni weave 
Fabric No. 

Panel 
No. , 

Mold 

Cycle 

(Table 4-7) 

Molded 

Thickness 

fin) 

Density 

(gm/cc) 

Resin 
Content 
(Wt. %) 

Fiber 
Content 
(wt. %) 

Porosity 
(vol. %) 

Resin 
Content 
(vol. %) 

Fiber 
Content 
(vol. %) 

Test Samples 

G51A-86 

1 

' A 

0.235 

1.47 

38 

36 

62 

2 

47 

51 

flexure 

G51A-86 

2 

B 

0.193 

1.48 

64 

3 

44 

53 


G51D-96 

1 

A 

0.218 

1.47 

34 

66 

3 

42 

55 

flexure 

G51D-96 

2 

B 

0.269 

1.47 

36 

64 

3 

44 

53 

tensile, compression, shear 

G51D-96 

3 

B 

0.250 

1.46 

36 

64 

4 

44 

52 

tensile, compression, shear 

G51D-A/ 

L-207 

1 

B 

0.336 

1.47 

36 

64 

3 

44 

53 

flexure 

G51DA/ 

L-207 

2 

B 

0.231 

1.48 

36 

64 

3 j 

44 

53 

tensile, compression, shear 

G51DA/ 

L-207 

3 

B 

0.180 

1.44 

36 

64 

5 

43 

52 

tensile, compression, shear 

G51D-A/ 

L-207 

4 

B 

0.180 

1.44 

36 

64 

5 

43 

52 
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TABLE 4-10, MOLDING AND CHARACTERIZATION OF BORON, THORNEL AND MIXED 

FIBER OMNIWEAVE COMPOSITES 


Omniweave 
Fabric No. 


I11A-101-1 

I11A-101-1 

I11A-101-2 

I11A-1Q1-2 

I11At101-3 

I11A-101-3 

I11A-101-4 

I11A-101-4 

I11A-101-A 

I11A-101-A 

I11A-101-6 

I11A-101-6 

I11A-101~9 

I11A-101-9 

I11A-101-10 



Molded 

Thickness 

Density 

(in) 

(g/cc) 




Resin 

Fiber 

Porosity 

Content 

Content 

(voi. %) 

(vol. %) 

(vol. %) 


Boron/HT424 

' Boron/HT424 

Boron/HT424 

Boron/HT424 

Boron/HT424 

Boron/HT424 

Boron/HT424 

Boron/HT424 

Morganite/USP23 

Boron/HT424 

Morganite/USP23 

Boron/HT424 

Boron/HT424 

Boron/HT424 

Boron/HT424 

Glass/U3P23 

Boron/HT424 

Glass/USP23 

Boron/HT424 

Glass/USP23 


0.056 

0,057 

0.053 

0.100 

0.051 

0.052 

0.053 

0.053 

0.115 


0.062 

0.050 

0.090 

0.084 
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TABLE 4-10. MOLDING AND CHARACTERIZATION OF BORON, THORNEL AND MIXED 

FIBER OMNIWEAVE COMPOSITES (Continued) 


Omniweave 
Fabric No. 

Materials 

Panel 

Mold 

Cycle 

(Table 4-7) 

Molded 

Thickness 

(in) 

Density 

(g/cc) 

Resin 
Content 
(wt. %) 

Fiber 
Content 
(wt. %) 

Porosity 
(vol. %) 

Resin 
Content 
(vol. %) 

Fiber 
Content 
(vol. %) 

I11A-101-10 

Boron/HT424 

B 

D 

0.109 

1.56 

7 

12 

20 

25 

7 


Glass/USP 23 





19 

62 



39 

I11A-101-11 

Morganite/USP23 

A 

E 

- 

1.72 

27 

27 

12 

38 

18 


Glass/USP23 






46 



32 

I11A-101-11 

Morganite/ 

B 

E 

- 

1.72 

27 

27 

12 

38 

18 


Glass/USP23 






46 



32 

I11A-101-11 

Morganite/ 

C 

E 

- 

1.70 

27 

27 

13 

38 

18 


Glass/USP23 






46 



31 

G71A-98 

Thornel 50/USP23 

A 

D 

0.036 

1.45 

35 

65 

5 

43 

52 




4„7 FABRICATION OF OMNIWEAVE /HONEYCOMB DEMONSTRATION ITEMS 

Part of the contractural requirements of this study was the delivery of several demon- 
stration Omniweave structural skin/honeycomb sandwich constructions to the NASA 
Marshall Space Flight Center. The materials utilized were not optimized for the 
application and were provided solely for demonstrative purposes. 

Two 8-inch x 3-inch glass-epoxy Omniweave/honeycomb composites were fabricated 
by bonding the Omni weave panels onto the honeycomb faces with HT435 film adhesive. 
The Omniweave bond surfaces were sand blasted followed by acetone wiping prior to 
adhesive application. The adhesive was cured under low pressure at 350°F for one 
hour. 

Omniweave/honeycomb composite A (Figure 4-25) consisted of two standard construction 
glass/epoxy Omniweave panels number S21A-91-3 (density = 2.00 g/cc; thickness = 

0. 145-inch) and S21A-92-2 (density = 2.01 g/cc; thickness = 0.187-inch) bonded to 1/2- 
inch thick, l/4-inch cell size phenolic honeycomb. Composite B consisted of two 
layered-in-depth construction glass/epoxy Omniweave panels number S21D-85-2 
(density = 2.00 g/cc; thickness = 0.087-ineh) and S21D-104-3 (density = 1.93 g/cc; 
thickness = 0.188-inch) bonded to l/2-inch thick, l/4-inch cell size aluminum honey- 
comb (Figure 4-26). 
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(a) S21A-91 Structural Skin 




(c) S21A-92 Structural Skin 

Figure 4-25. S21A-9l/Plastic Honeycomb Core/S21A-92 Structural 
Sandwich Assembly (Overall Dimensions: 8" x 3"x 0.85") 
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(a) S21D-85 Structural Skin 



(b) Side View 
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Figure 4-26. S21D85/Aluminum Honeycomb Core/S21D-104 Structural 
Sandwich Assembly (Overall Dimensions: 8" x 3" x 0.8") 


4.8 SUMMARY AND CONCLUSIONS 


The work performed on this initial study demonstrates the feasibility of the Omniweave 
process to weave multidirectional fiber constructions using S-glass, Morganite Type 
II, Thornel 50S, and boron prepregged fibers. Also, mixed fiber systems (boron/ 
S-glass, boron/Morganite and Morganite/S-Glass) were successfully fabricated. 

S-Glass and Morganite prepreg were the easiest fibers to process; the more brittle 
Thornel 50S and boron presented severe weaving problems. 

The 45-degree FPA and 45-degree LID Omniweave constructions may be processed 
more easily on the finite length Omniweave equipment than the 18-degree LID or 
isotropic triaxial fabric constructions. In all cases, the radial fiber pitch angle was 
maintained at 5-10-degrees to maximize in-plane properties. 

Weaving improvements are needed to maximize weave uniformity, weave density and 
speed of production. Combing techniques need to be improved or eliminated since 
they can cause fiber abrasion damage and are extremely operator sensitive. 

All moldings with USP23 prepreg were based on vendor recommended conditions ( 6 ). 
Several cure modifications were performed to note the effect on composite properties . 
Boron/HT424 Omniweave moldings followed cure cycles recommended by a previous 
GE-RESD study ( 5 ). 

All S-glass composites, with the exception of the isotropic triaxial construction 
S21A/L-204, had low porosity (0-3 percent) and relatively uniform fiber content 
(57 to 65 percent). All Morganite composites had approximately equal fiber contents 
(51 to 55 volume percent) and moderate porosity (3-5 percent). The boron and mixed 
fiber composites exhibited a wide range of fiber contents and porosity levels . 

Two demonstration Omniweave/honeycomb composites were assembled and delivered 
to NASA-MSFC per contract requirements . These assemblies were to be used only 
for demonstration purposes. 


4-43/4-44 



SECTION 5 

MECHANICAL EVALUATION OF OMNIWEAVE COMPOSITES 



SECTION 5 


MECHANICAL EVALUATION OF OMNIWEAVE COMPOSITES 


The data presented in this section represent preliminary values for Omniweave struc- 
tural composites. The weaving and processing procedures have not been optimized, 
nor have test specimen configuration studies been performed to ensure the validity of 
the data. In most cases, standard ASTM test procedures have been employed, several 
of which may not be meaningful for multidireetionally reinforced composite materials 
such as Omniweave. 

The experimental data presented in this section exhibit, in general: (1) a rather large 
degree of scatter; and, (2) somewhat lower strength and stiffness (modulus) values than 
anticipated. The former is probably due to the fact that weaving and processing pa- 
rameters have not yet been optimized, while the latter may also be related to' test spe- 
cimen geometry. In view of these considerations, the mechanical property data pre- 
sented herein for various Omniweave composites are generally considered to be lower 
limits for the property levels which can be anticipated in the near future. 

5.1 TESTING OF UNIDIRECTIONAL TEST COUPONS 

Tensile tests were performed on unidirectional S-glass/USP23 epoxy composites at 0, 

20, 45, 60, and 90-degree angles to the fibers. Data obtained from these tests were 
used to establish the elastic constants (E-p E 2 , and v 22 ) and strength parameters 
(Fi, F 2 and F 12 ) of this composite material system as described in Section 6.2. These 
composite properties are required as inputs for the OMNI computes code which was used 
to predict the thermostructural performance of Omniweave (Section 6. 1, Appendix 10.4). 

Test specimens were fabricated to the configurations shown in Figure 5-1. The physi- 
cal characteristics of panels from which these specimens were cut are shown in Table 
5-1. These data were established from the known fiber and resin densities, measured 
panel densities and fiber weight fraction data obtained from resin burnout experiments. 
End reinforcement doublers were made from a 181 glass cloth/Epon 828 layup and 
bonded to test specimens with Epon 828 (See Appendix 10. 3) 

The physical dimensions of all test specimens were measured and the nominal fiber 
angles were checked. Strain gages were then applied as shown in Figure 5-2. The test 
procedure for each specimen included the following: 

1. Install specimen in grips of Instron test machine and connect all strain gages 
to a BLH SR -4 switching box and strain gage readout meter. 

2. Apply load in four equal increments up to a preselected maximum load level. 
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TABLE 5-1. PHYSICAL CHARACTERISTICS OF UNIDIRECTIONAL 
S-GLASS/USP23 EPOXY TEST PANELS 


Specimen 

Density 

(gm/ce) 

Resin 

Weight 

(percent) 

Fiber 

Weight 

(percent) 

Porosity 

(percent) 

‘ Resin 
Volume 
(percent) 

Fiber 

Volume 

(percent) 

0°, 20° 
Panel 1 

1. 98 

24 

76 

0 

40 

60 

45° 

Panel 2 

1.90 

27 

73 

2 

43 

55 

60° 

Panel 3 

1.94 

. 25 

75 

1 

40 

59 

90° 

Panel 4 

1.97 

27 

73 

0 

44 

56 


3. Repeat the above twice for each specimen yielding a total of 12 stress-strain 
data points for each strain gage. 

4. Load the specimen to failure recording average axial strain as a function of 
load in an X-Y recorder. 

The equations used to derive elastic constants from unidirectional test data contain 
terms having the form: 

€ 

n 


a 

x 

where ( , is a given strain gage reading at the axial stress level a . In order to ob- 
tain the best value for this term from each strain gage on a given specimen, the 12 
independent stress-strain data points were used to obtain, a least squares fit of the data. 
Values of € / cr terms thus obtained are given in Table 5-2 along with ultimate axial 
strength (F^) data. Additional 90-degree strength data, obtained in an earlier series 
of tests, is given in Table 5-3. A photograph illustrating the failure modes for these 
off-axis test series is shown in Figure 5-3. Strength data for 0° and 90° fiber orienta- 
tions are compared to literature reported values in Table 5-4. This table shows that 
the data obtained in this program are lower than anticipated indicating the need for im- 
proved processing techniques. 

Literature reported values for 0 and 90 -degree unidirectional tensile strength of 
Morganite Type Il/Epoxy composites are shown, for reference, in Table 5-5, 
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FIBER 

DIRECTION 


0 



FROM LOADING 
AXIS 



SIDE 2 


FIBERS 0° CCW 
FROM LOADING 
AXIS 


NOTE: 45° GAGES ON OFF AXIS SPECIMENS (0 = 20°, 45°, 60 ° ) ONLY 
0° AND 90° GAGES ON 0 = 0° AND 90° SPECIMENS LOCATED 
SYMMETRICALLY ABOUT HORIZONTAL £ 


Figure 5-2. Strain Gage Location and Identification ' 


5-5 


TABLE 5-2. S-G LASS/US P23 UNIDIRECTIONAL TENSILE DATA 


Specimen 

Angle 

0-1 x 

W°x 

Jo 

45-1 x 


e 90 -A 

'90-2A 

F 

X 

Number 

(degrees) 

(10~ 6 in -2 /lb) 

(10 -6 in -2 /lb) 

(10- 6 in- 2 /lb) 

(10“ 6 in -2 /lb) 

(10- 6 in -2 /lb) 

(10 -6 in- 2 /lb) 

(ksi) 

0-1 


0. 1387 

0. 1389 

— 

— 

-0. 04038 

-0. 03889 

129.6 

0-2 

A 

0. 1400 

0. 1398 

— 

— 

-0. 03832 

-0.04301 

148.4 

0-3 

0 

0. 1308 

0. 1400 

— 

— 

-0. 03702 

-0. 04024 

168.1 

Average 


0. 1365 

0. 1396 



-0. 03857 

-0.04071 

148.7 

20-1 


0. 2476 

0.2355 

-0. 08238 

0. 1734 

-0. 1175 

-0. 0967 

16.72 

-2 

20 

0.2517 

0.2598 

-0. 05872 

0.1999 

-0. 1078 

-0. 1073 

16.26 

-3 

0.2487 

0.2505 

-0. 06760 

0.2203 

-0. 1071 

-0. 1025 

17.33 

Average 


0. 2493 

0.2486 

-0. 06957 

0.1979 

-0. 1108 

-0. 1022 

16.77 

45-1 


0.4576 

0.5010 

0. 05095 

0.2726 

-0. 1822 

-0. 1765 

8.23 

-2 

45 

0.4862 

0.5296 

0. 03459 

0.2606 

-0. 1608 

-0. 1794 

6.71 

-3 

0.5015 

0.4734 

0. 02659 

0.2779 

-0. 1859 

-0. 1904 

7.04 

Average 


0.4630 

0.5013 

0. 03738 

0.2704 

-0. 1763 

-0.1821 

7.33 

60-1 


0.4584 

0.5178 

0. 1327 

0. 1944 

-0. 1448 

-0. 1466 

4.82 

-2 

60 

0.5229 

0.4614 

0. 1196 

0. 1974 

-0. 1308 

-0. 1308 

5. 05 

-3 

0. 5358 

0.4247 

0. 1395 

0.2105 

-0. 1400 

-0. 1244 

5.10 

Average 


0. 5057 

0.4680 

0. 1306 

0.2008 

-0. 1385 

-0.1339 

4.99 

90-1 


* 

★ 

* 

* 

♦ 

* 

* 

-2 

90* ** 

0.4542 

0.3974 

— 

— 

-0. 03560 

-0.03560 

2.83 

-3 

0.4027 

0.4114 

— 

— 

-0. 03444 

-0. 03444 

6. 17 

Average 


0.4284 

0. 3994 



-0. 03502 

-0.03502 

4.50 


* Specimen 90-1 failed in handling 

** See Table 5-3 for additional data 


TABLE 5-3. TENSILE STRENGTH OF S-GLASS / USP23 EPOXY 
COMPOSITE 90-DEGREES TO FIBERS 


Specimen 

Number 

Tensile 
Strength, F x 
(psi) 

Source 

90-2 

2830 

Table 5-2 

90-3 

6170 

Table 5-2 

2-90-1 

2990 

Earlier data 

2-90-2 

2890 

Earlier data 

2-90-3 

3430 

Earlier data 

Average 

3660 




Figure 5-3. Post-Test Photographs Off-Axis Unidirectional Test Specimens 



TABLE 5-4. COMPARISON OF UNIDIRECTIONAL S-GLASS/EPOXY DATA 
WITH LITERATURE REPORTED VALUES 


Fiber 

Orientation 

(degrees) 

Fiber Volume 
. (percent) 

Tensile Strength 
(psi) 

Reference 


60-65 

268,000 

7 


60-65 

350, 000 

8 

0 

60-65 

294, 000 

8 


60-65 

305,000 

8 


60 

148,700 

GE data 


60-65 

3,300 

7 


60-65 

8,000 

8 

90 

60-65 

6,100 

8 


60-65 

10,200 

8 


60 

3,660 

GE data 


TABLE 5-5. UNIDIRECTIONAL TENSILE PROPERTIES OF 
MORGANITE TYPE Il/EPOXY COMPOSITES 
{Literature Data) 


Fiber 

Orientation 

(degrees) 

Fiber Volume 
(percent) 

Tensile Strength 
(psi) 

Tensile Modulus 
(10® psi) 

Reference 


— 

150,000 

— 

7 


60 

165,000 

21.2 

9 


51 

125,000 

18-22 


0 

58* 

88,500* 

17* 

11 


55 

100,000 

35 

11 


55 


24 

11 

' 

67.5 

167,000 

23.5 

12 


55 

175,000 

19.5 

12 


— 

8,000 

— 

7 


60 


1.2 

9 

90 

52 


1.2-1. 5 

10 


58 


— 

11 


67; 5 ’ 


— 

12 


*Used in analysis (Section 6) to obtain best fit of Omniweave data. 
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5.2 FLEXURAL TEST DATA 

All flexural tests were performed on an Instron testing machine at a cross-head speed 
of 0. 05 in/min. A standard 3-point flexure test fixture was used and large span-to- 
span (1/d) ratios were selected to provide flexural stress failure with minimal shear 
interaction. Tables 5-6 and 5-7 summarize flexural property values obtained for 
S -glass and Morganite Type II Omniweaves. Additional flexural data for the S -glass 
material was obtained from the short beam shear tests (Table 5-14), since flexural 
(tension) failures occurred in these specimens (rather than shear failures) in spite of 
the small l/d ratios employed. This is discussed further in Section 5.5. 

5.2.1 S-GLASS/EPOXY OMNIWEAVE FLEXURAL DATA 

Results of the S-glass/epoxy Omniweave flexure tests are shown in Table 5-6. The 
effect of fiber orientation on flexural strength and modulus is graphically summarized 
in Figures 5-4 and 5-5. The data slope closely follows the analytical predictions of 
tensile strength, but the absolute flexural strength values are significantly lower than 
anticipated. These low values are probably due to poor fiber wetting and interfacial 
strength since unidirectional composites of identically processed materials exhibited 
about half of the expected values when tested in tension (Section 5. 1). 

Figure 5-6 presents curves showing the effect of Omniweave construction reinforce- 
ment geometry and composite thickness on flexural strength for i30-degree and 
±60-degree oriented Omniweave materials. These data indicate that the fabric thick- 
ness does not affect ultimate strength values. The data do strongly indicate, however, 
that the layered-in-depth (LID) construction yields higher ultimate strengths at low 
axial fiber angles and lower ultimate strength at large axial fiber angles than the . 
fiber pitch angle (FPA) construction. 

Figures 5-7 and 5-8 present flexural strength and modulus data in the direction along 
the fiber axis for these S-glass Omniweave composites. The data trend indicates that 
weave geometry and composite thickness do not have a significant effect on flexural 
properties parallel to a fiber direction. The average strength values shown in Figure 
5-7 are approximately 50 percent of those obtained on 0-degree unidirectional material 
in tension. 

Several molding cycles, "A" and "B", were utilized to cure the composites (Table 4-7). 
Cure cycle "A" involved a significantly longer resin advancement dwell time during 
cure than did cure cycle "B". Significant improvement in strength values was noted 
for the panels processed using cure cycle "B". Figures 5-9 and 5-10 show this effect 
of cure cycle on flexural strength properties for panels S21A-84 (FPA construction) 
and S21D-104 (LID construction). These data indicate that improvements in composite 
properties can be made through optimization of the Omniweave molding process (Sec- 
tions 7. 2 and 8. 2). 
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TABLE 5-6. FLEXURE TEST RESULTS: S-GLASS/USP23 
OMNIWEAVE COMPOSITES, 


Weave 


Specimen 

Fiber 

Flexural 

Flexural 

1/d 

Test 

Geometry 

Direction 

No. 

Angle 

(degrees) 

Strength 

(ksi) 

Modulus 
(10 6 psi) 

Ratio 


Axial 

S21A-84-A-1 

±31 

57.5 

5.05 

47.9 



-2 

±32 

55.8 

5.08 

47.3 



-3 

133 

60.0 

5.09 

46.6 

45° FPA 
6 layers 

Along Fiber 

S21A-84-P-1 

0-69* 

65.5 

5.02 

46.0 


-2 

-3 

0-65* 

0-69* 

67.6 

61.2 

4. 90 
4.79 

45.4 

44.9 


Transverse 

S21A-84-T-1 

±63 

14.1 

2.66 

68.5 



-2 

±63 

16.1 

2.55 

44.9 



-3 

±65 

16.0 

2.58 

45.4 


Axial 

S21A-91-A-1 

±33 

48.6 

4.45 

28.5 



-2 

±32 

48.7 

4.59 

28.4 



-3 

±33 

53.0 

4.69 

28.0 

45° FPA 

Along Fiber 

S21A-91-P-1 

1 

62.4 

4.95 

24.0 

aU i, X XI 

12 layers 


. -2 

1 

75.0 

4.88 

23.8 


-3 

0-67* 

68.0 

4.96 

23.8 


Transverse 

S21A-91-T-1 

±64 


2.47 

27.8 




±65 

24.3 

3.90 

27.8 




±62 

20.6 

2.74 

28.0 


Axial 

. S21A-92-A-1 

±28 

1 

5.04 




-2 

±26 

1 

4.79 




-3 

±29 

1 

4.82 


45° FPA 

Along Fiber 

S21A-92-P-1 

2-59* 


4.85 

23.2 

18 layers 


-2 

2-58* 

72.8 

4.84 

23.3 


-3 

2-56* 

77.6 

4. 91 

23.2 


Transverse 

S21A-92-T-1 

±66 

19.0 

2.70 

22.4 



-2 

±69 

19.2 

2.75 

22.2 



-3 

±67 

19.1 

2.64 

23.8 
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TABLE 5-6. FLEXURE TEST RESULTS: S-GLASS/USP23 
OMNIWEAVE COMPOSITES (Continued) 


Weave 

Geometry 

Test 

Direction 

Specimen 

No. 

Fiber 

Angle 

(degrees) 

Flexural 

Strength 

(ksi) 

Flexural 
Modulus 
(10 6 psi) 

1/d 

Ratio 


Axial 

S21F-93-A-1 

±28 

36.4 

3.46 

20.0 



-2 

±30 

49.8 

4.69 

20.2 



-3 

±30 

30.6 

3.00 

20.2 

18° LID 







6 layers 

Transverse 

S21F-93-T-1 

±61 

18.2 

|g!H 

19.9 



-2 

±65 

19.2 


19.9 



-3 

±60 

16.4 


19.9 


Axial 

S21F-94-A-1 

±28 

23.2 

mm 

9.0 



-2 

±25 

17.7 


8.0 



-3 

±30 

16.1 

1.65 

8.9 

18° LID 







12 layers 

Transverse 

S21F-94-T-1 

±66 

13.9 

1.31 

9.1 



-2 

±58 

7.86 

0.89 

9.2 



-3 

±63 

7.01 

0.74 

9.2 


Axial 

S21D-85-A-1 

±29 

64.8 

5.10 

38.0 



-2 

±27 

63.9 

5.07 

38.3 

A T T T\ 

Along Fiber 

S21D-85-D-1 

5-59* 

70.6 

5.35 

37.6 

40 JLiJUJ 


-2 

7-62* 

64.4 

4.69 

37.6 

6 layers 


-3 

5-66* 

73.4 

5.23 

28.5 


Transverse 

S21D-85-T-1 

±61 

15.4 

2.88 

53.8 



-2 

±65 

14.9 

2.86 

37.6 



-3 

±64 

15.2 

2.68 

39.3 


Axial 

S21D-103-A-1 

±27 

62.7 

4.98 

25.2 



-2 

±27 

64.8 

4.82 

25.0 



-3 

±27 

63.9 


25.0 

j 

A rr° T T TV 

Along Fiber 

S21D-103-P-1 

1-63* 

78.5 

1 

24.8 



-2 

7-54* 

73.0 

wm:wm 

24.8 

12 layers 


-3 

6-58* 

68.1 

4.79 

25.0 



S21D-103-T-1 

±63 

13.8 

2.50 

25.0 

♦ 


-2 

±67 

9.1 

1.37 

25.2 



-3 

±63 

15.1 

2.44 

25.3 
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TABLE 5-6. FLEXURE TEST RESULTS: S-GLASS/USP23 
OMNIWEAVE COMPOSITES (Continued) 


Weave 

Geometry 

Test 

Direction 

Specimen 

No. 

Fiber 

Angle 

(degrees) 

Flexural 

Strength 

(ksi) 

Flexural 
Modulus 
(10 6 psi) 

I/d 

Ratio 


Axial 

S21D-104-A-1 

±24 

69.6 

4.84 

20.7 



-2 

125 

69.9 

4.89 

20.8 



-3 

±25 

65.1 

4.49 

20.9 

0 

Along Fiber 

S21D-104-P-1 

2-57* 

73.4 

4. 29 

20.9 

45 LID 


-2 

8-51* 

69.8 

4.15 

20.8 

18 layers 


-3 

5-51* 

65.4 

4.18 

20.' 3 


Transverse 

S21D-104-T-1 

±63 

12.2 

2.16 

20.9 



-2 

’±67 

15.0 

2.38 

20.9 



-3 ; 

±ff0 

13.0 

2.07 

20,8 


Axial 

S21A/L-2Q4-A-1 


34.4 

3.14 

29.6 

Triaxial 







12 layers 

Transverse 

S2 1 A/L-2 04-T-l 


33.0 

3.40 

22,6 



-2 


23.2 

2.76 

24.6 


♦Specimen tested with loading axis parallel to one fiber direction (0-degree) 


Figure 5-11 presents photographs of typical post -test flexure specimens of S-glass 
Omniweave composites. The light areas within the specimens indicate the failure 
region and that damage occurred through local resin/fiber separations. 

5.2.2 MORGANITE TYPE Il/EPOXY FLEXURAL PROPERTIES 

Flexure test results for Morganite Type II/USP23 Omniweave composites are given in 
Table 5-7. Figures 5-12 and 5-13 illustrate the effect of fiber orientation on the flex- 
ural strength and modulus of this Omniweave composite system. Again, the data 
slope appears to coincide well with tensile strength and modulus predictions. The low 
flexural modulus values indicate that a poor quality Morganite fiber was utilized. 

This is discussed in more detail in Section 7. 2. Photographs of several typical failed 
specimens are shown in Figure 5-14. 

5. 3 TENSILE TEST DATA 

5. 3. 1 S-GLASS/EPOXY OMNIWEAVE TENSILE PROPERTIES 

Table 5-8 presents tensile test data on several S -glass/epoxy Omniweave composites. 
The tensile strength values are significantly lower than the flexural strength values 
indicating a need for improved processing. Figure 5-15 presents several post-test 
photographs of S-glass Omniweave tensile specimens. 

5. 3.2 MORGANITE TYPE Il/EPOXY OMNIWEAVE TENSILE PROPERTIES 

The tensile test data for this material system, Table 5-9, are significantly lower than 
the corresponding flexural properties indicating that: (a) test specimen configurations 
should be reevaluated; and, (b) resin material, and/or curing procedures should be 
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TABLE 5-7. FLEXURE TEST RESULTS: 
MORGANITE II/USP23 OMNIWEAVE COMPOSITES 


Weave 

Geometry 

Test 

Direction 

Specimen 

No. 

Fiber 

Angle 

(degrees) 

Flexural 

Strength 

(ksi) 

Flexural 
Modulus 
(10® psi) 

1/d 

Ratio 


Axial 

G51A-86-A-1 

' ±35 

24.7 

3.43 

EH 



-2 

±36 

23.8 

3.36 

1 



-3 

±34 

30.4 

3.99 

1 

45° FPA 
6 layers 

Along Fiber 

G51A-86-P-1 

1 

40.5 

5.20 

MM 


-2 

■ 

35.3 

4.49 

1 


-3 

1 

29.9 

4.52 



Transverse 

G51A-86-T-T 

±59 

17.2 

1.88 

16.7 



-2 

±60 

19.8 

1.81 

16.7 



-3 

±53 

15.6 

1.73 

16.7 


Axial 

G51D-96-A-1 

±22 

69.4 

8.53 

18.4 



-2 

±23 

48.8 

7.17 

18.3 



-3 

±27 

51.0 

8.10 

16.0 

45° LID 

Along Fiber 

G51D-96-P-1 

4-46* 

44.6 

7.08 

18.2 

12 layers 


-2 

-3 

2-62* 

42.8 

56.4 

7.22 

7.85“ 

18.2 

18.2 


Transverse 

G51D-96-T-1 

±63 

10.3 

1.24 

18.1 



-2 

±60 

16.2 

1.57 

18.1 


Axial 

G51A/L-207-A-1 

±15 

96.7 

10.1 

17.7 



-2 

±16 

107.9 

11.2 

17.8 

Triaxial 


-3 

±19 

105.7 

11.9 

17.7 

6 layers 

Transverse 

G51A/L-207-T-1 

±78 

5.54 

1.76 . 

10.2 



-2 

±72 

3.86 

1.03 

16.7 



-3 

±75 

4.74 

1.06 

16.9 


♦Specimens tested with loading axis parallel to one fiber direction (0-degree) 
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Figure 5-4. The Effect of Fiber Orientation on 
Flexural Strength of S-Glass/USP23 Omniweave Composites 
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Figure 5-5. The Effect of Fiber Orientation on 
Flexural Modulus of S-Glass/USP23 Omniweave Composites 
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OMNIWEAVE THICKNESS (LAYERS) 

Figure 5-6. Effect of Omniweave Construction and Weave 
Thickness on Flexural Strength of S-Glass/USP-23 Composite 
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Figure 5-7. Flexural Strength of S-Glass/USP23 
Omniweave Composites Tested along Fiber Axis 


<x> 



Figure 5-8. Flexural Modulus of S-Glass/USP23 
Omniweave Composites Tested along Fiber Axis 
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Figure 5-9. The Effect of Cure Cycle on Flexural Strength of 
S21A-94 S-Glass/USP23 Omniweave Composites 
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Figure 5-10. The Effect of Cure Cycle on Flexural Strength of 
S21D-104 S-Glass/USP23 Omniweave Composites 
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Figure 5-11. Typical S-Glass/Epoxy Flexure Specimens after Testing 
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Figure 5-12. The Effect of Fiber Orientation on Flexural Strength 
of Morganite II/USP23 Omniweave Composites 
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Figure 5-13. The Effect of Fiber Orientation on Flexural Modulus 
of Morganite II/USP23 Omniweave Composites 
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G51A/L-207 

Axial Direction 



Figure 5-14. Typical Morganite Omniweave Flexure 
Specimen Failure Modes 


TABLE 5-8. TENSION TEST RESULTS: 
S-GLASS/USP23 OMNIWEAVE COMPOSITES 


Weave 

Geometry 

Test 

Direction 

Specimen 

No. 

Fiber 

Angle 

(degrees) 

Tensile 

Strength 

(ksi) 

Elastic 
Modulus 
(10 6 psi) 

Failure 

Strain 

(percent) 


Axial 

S21A-84-A-1 

±24 

33.7 

4.83 

1.30 

45° FPA 


-2 

±33 

28.6 

4.45 

1.70* 

6 layers 

Transverse 

S21A-84-T-1 

±63 

7.7 

3.37 

0.25 



-2 

±64 

7.9 

3.31 

0.28 


Axial 

S21D-104-A-1 

±33 

47.4 

4.96 

1.49 

45° LID 


-2 

±29 

52.2 

4.74 

1.56* 

18 layers 

Transverse 

S21D-104-T-1 

±65 

8.5 

2.71 

0.37 



-2 

±65 

7.2 

2.58 

0.31 

Triaxial 

Axial 

S21A/L-204-A-1 

±54 

22.6 

3.1 

0.73* 

12 layers 

Transverse 

S21 A/L-204-T -1 

±46 

14.5 

2.9 

0.68* 


♦Strain extrapolated to failure. 
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(a) S21A-84 Axial Orientation (Top) 

S21A-84 Transverse Direction (Bottom) 


(b) S21D-104 Axial Orientation (Top) 

S21D-104 Transverse Orientation (Bottom) 


Figure 5-15. Failure Modes of S-Glass Omniweave Tensile Specimens 





TABLE 5-9. TENSION TEST RESULTS: MORGANITE II/USP23 
OMNIWEAVE COMPOSITES 


Weave 

Geometry 

Test 

Direction 

Specimen 

Number 

Fiber 

Angle 

(degrees) 

Tensile 

Strength 

(ksi) 

Elastic 
Modulus 
(10 6 psi) 

Failure 

Strain 

(%) 

40° LID 

Axial 

G51D-96-A-2-1 

±28 

39.6 

8.67 

0.55 

12 layers 


-2 

±32 

30.6 

5.46 

0.60 


Trans- 

G51D-96-T-3-1 

±66 

4.28 

1.38 

0. 32* 


verse 

-2 

± 62 

6.04 

1.51 

0.50* 

Triaxial 

Axial 

G51A/L-207-A-1 

± 13 

>58. 6^) 

14.2 

0.42 (1) 

6 layers 


-2 

± 12 

56.5 

13.4 

0.42 


Trans- 

G51A/L-207-T-1 

±82 

1.83 

1.06 

0.18 


verse 

-2 

±80 

2.89 

1.08 

0.27 


♦Strain Extrapolated to Failure 
(l)Sample Did Not Fail 


optimized to affect better interfacial strengths. The data trend indicates that the 
triaxial orientation construction is superior to the layered-in-depth construction 
(primarily due to the pronounced axial orientation of the fibers.) Figure 5-16 
shows the mode of tensile failure of several Morganite/USP23 epoxy Omniweave 
composites. 

5. 3. 3 BORON, THORNEL 50S, AND MIXED FIBER OMNIWEAVE TENSILE 
SPECIMENS 

Boron, Thornel 50S, and boron/Morganite, boron/S-glass, and S-glass/Morganite 
Omniweave tensile properties were obtained for composites molded from woven- 
to-size narrow fabrics. By weaving and molding strips to the 1-inch wide config- 
uration used for tensile specimens, discontinuous fibers (cut by machining operations) 
at specimen edges were eliminated. This specimen preparation technique was utilized 
in an attempt to establish a tensile specimen configuration which would yield mean- 
ingful tensile utlimate strength values by virtue of maintaining physical continuity of 
reinforcing fibers in the direction of applied load. The validity of this approach can 
ultimately be verified only by comparison of results with strength data obtained from 
cylinder tests (See Section 8.3). Tensile data for those systems is presented in 
Table 5-10. 
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Axial Orientation 


G51A/L-207 



Transverse Orientation 



Figure 5-16. Morgfmite Omniweave Tensile Specimens After Test 
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TABLE 5-10. TENSION TEST RESULTS: BORON, THORNEL 50S 
AND MIXED FIBER OMNIWEAVE SYSTEMS 


Test Direction: Axial Weave Geometry: 45 degree FPA, 6 Layers 


Material 

Specimen 

Number 

Fiber 

Angle 

(degrees) 

Tensile 

Strength 

(ksi) 

Elastic 
Modulus 
(10® psi) 

Failure 

Strain 

<%) 

Boron/HT424 Epoxy- 

101-1A 

±6 

137.3 

25.3 

0.53 

Phenolic 

-IB 

±8 

103.5 

27.2 

0.39 


-2A 

±6 

88.4 

23.2 

0.38 


-2B** 

±8 

32.2 

17.4 

0.20 


-3A 

±8 

76.4 

25.4 

0.30 


-3B 

±7 

66.7 

26.7 

0.26 


-4 A 

± 7 

90.8 

25.0 

0.36 


-4B 

±7 

86.8 

26.5 

0.34 


-6A 

± 7 

75.3 

19.1 

0.39 


-6B 

± 10 

85.8 

24.2 

0.36 

Thornel 50S/USP23 
Epoxy 

G71A-98-1 

±8 

61.6 

23.4 

0.26 

Boron/HT424 Epoxy- 

101-AA-l 

± 9 

42.4 

11.3 

0.38 

Phenolic, Morganite 11/ 
USP23 Epoxy* 1 * 

-2 

± 10 

51.9 

11.8 

0.45 

Boron/HT424 Epoxy- 

101-9A 

± 7 

84.6 

11.0 

0.76* 

Phenolic, S-Glass/ 
USP23 Epoxy* 2) 

-9B 

±6 

98.3 

10.4 

0.96* 

Boron/HT424 Epoxy- 

101-10A 

± 10 

63.1 

8.9 

0.73* 

Phenolic, S-Glass/ 
USP23 Epoxy (3) 

-10B 

± 8 

84.2 

10.1 

0.82* 

Morganite II/USP23 

101-11A 

±8 

86.2 

12.2 

0.68 

Epoxy, S-Glass/USP23 

-11B 

± 14 

82.5 

11.9 

0.69* 

Epoxy (4) 

-11C 

± 10 

84.6 

12.1 

0.71 


(1) 24% Boron/41% Morganite II by weight 

(2) 21% Boron/53% S-Glass by weight 

(3) 12% Boron/62% S-Glass by weight 

(4) 27% Morganite 11/46% S-Glass by weight 


* Strain Extrapolated to failure 

** 1.03 g/cc density, high void 
content 
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In general, the maximum modulus and strength properties measured for the boron/ 
HT-424 system (E = 24 x 10 6 psi, = 137 ksi) compare favorably with unidirectional 
tensile properties obtained for an identical materials system at similar volume 
fraction^ 5 ) (E = 25 x 10 6 psi, F tu = 135 ksi). The strength data scatter is quite 
wide indicating the difficulties in weaving and processing boron filaments into a uni- 
form Omniweave composite. Figure 5-17 illustrates the range of failure modes 
experienced with the boron Omniweave composites. 

The single modulus value for Thornel 50S/epoxy Omniweave is comparable with uni- 
directional values, but the strength value (also only one data point) indicates a poor 
translation of strength properties from the fiber to the composite. This is probably 
due to degradation of the Thornel 50S yarn during the impregnation, weaving and/or 
molding procedures. 

Four mixed fiber Omniweave composite were produced solely for tensile evaluation: 
boron/Morganite (101-A), boron/S-Glass (101-9, 101-10), and S-glass/Morganite 
(101-11). With the exception of the boron/Morganite results, modulus and strength 
values appear to be realistic and can be approximated through knowledge of fiber 
volume fraction, fiber orientation, and unidirectional fiber data. Figure 5-18 rep- 
resents post-test photographs of several mixed fiber Omniweave tensile specimens. 


Bou*/ 

A 



Composite No. : 


101-2A 



101-3A 


101-4B 




101-6A 


Figure 5-17. Tensile Failure Modes of Boron Omniweave Composites 


Composite No. : 


__ 



- — 101-11A S-Class/Boron 




| 


- — 101-AB Boron/Morganite 


Figure 5-18. Post-Test Photograph of Mixed Fiber Omniweave Tensile Specimens 


5-27 



5.4 COMPRESSION TEST DATA 


Compression tests were performed on selected S-glass and Morganite/USP23 epoxy 
Omniweave composites in an Instron test machine using a cross head speed of 0.05- 
inch/minute. A spherically seated loading head was used to insure good alignment of 
specimen and load train assembly. Test specimens were 3.00-inches long, 0.75- 
inch wide and the full thickness of the molded panel. These composites were tested 
using a restraining fixture (to prevent buckling) as described in Federal Test Method 
Standard Number 406, Method 1013. A Tinius Olsen LVDT compressometer having 
a 1-inch gage length was used for all strain measurements. Tables 5-11 and 5-12 
summarize compression test results for S-glass and Morganite epoxy Omniweaves, 
respectively. 

5.4.1 S-GLASS/EPOXY OMNIWEAVE COMPRESSION TESTS 

The test data spread for these specimens is quite large, indicating a need for improved 
processing procedures and, perhaps, an improved test specimen configuration. The 
test data presented for S21D-104 (LID) composite is quite interesting. There appears 

TABLE 5-11. COMPRESSION TEST RESULTS: S-GLASS/USP23 
OMNIWEAVE COMPOSITES 


Weave 

Geometry 

Test 

Direction 

Specimen 

Number 

Fiber 

Angle 

(degrees) 

Compressive 

Strength 

(ksi) 

Elastic 
Modulus 
(10 6 psi) 

45° FPA 

Axial 

S21A-84-A-1 

±33 

27.7 

5.21 

6 layers 


-2 

±30 

25.0 

4.54 



-3 

±26 

33.2 



Trans- 

S21A-84-T-1 

±62 

16.5 

2.53 


verse 

-2 

±56 

16.2 

2.60 



-3 

± 59 

9.0 (1) 

2.77 



-4 

±60 

14.5 

— 

45° LID 

Axial 

S21D104-A-1 

±25 

37.1 

5.07 

18 layers 


-2 

±25 

23.4 

6.25 



-3 

±27 

35.5 

3.83 



-4 

±29 

36.4 

5.04 


Trans- 

S21D104-T-1 

±66 

21.6 

2.69 


verse 

-2 

±62 

30.0 

3.66 


(^Top of specimen collapsed 
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TABLE 5-12. COMPRESSION TEST RESULTS: MORGANITE II/USP23 

OMNIWEAVE COMPOSITES 





Fiber 

Compressive 

Elastic 

Weave 

Test 

Specimen 

Angle 

Strength 

Modulus 

Geometry 

Direction 

Number 

(degrees) 

(ksi) 

(10 6 psi) 

45° LID 

Trans- 

G51D963-19 

± 55 

19.2 

2.00 

12 layers 

verse 

-20 

±58 

>47.6* 

1.95 



-21 

± 71 

21.9 

1.56 


Axial 

G51A/L207-A-1 

± 11 

48.9 

14.9 



-2 

± 11 

57.6 

— 



-3 

±20 

51.2 

— 

Triaxial 






6 layers 

Trans- 

G51A/L207-T-1 

± 83 

37.9* 

1.19 


verse 

-2 

± 84 

40.0* 

1.18 



-3 

±86 

37.6 

1.03 


♦Sample did not fail 


to be no trend established for compressive strength as a function of orientation. 

Further investigations are needed to determine if these data are meaningful since 
composite theory predicts a pronounced effect of filament orientation on modulus 
and strength properties. Figure 5-19 illustrates the failure modes of these com- 
pressive test specimens. Failure usually occurred along a fiber path. 

5.4.2 MORGANITE TYPE Il/EPOXY OMNIWEAVE COMPRESSION TESTS 

The test data spread for these specimens, Table 5-12, is also quite large again 
indicating the need for improved processing procedures and possibly new test specimen 
configurations. The compressive strength for the triaxial system appears to be insen- 
sitive to angular orientation. In addition, the transverse properties values are signifi 
cantly higher than data reported in the literature for carefully processed unidirectional 
Morganite/epoxy composites (Table 5-13). 
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S21A-84: Axial Orientation (Left) S21D-104: Axial Orientation (Left) 

Transverse Direction (Right) Transverse Orientation (Right) 


Figure 5-19. Compressive Failure of S-Glass Omniweave Composites 


TABLE 5-13. COMPARISON OF MORGANITE TYPE Il/EPOXY OMNIWEAVE 
TRANSVERSE COMPRESSION DATA WITH LITERATURE REPORTED 
VALUES FOR UNIDIRECTIONAL MATERIAL 


Fiber 

Orientation 

Fiber 

Volume 

(percent) 

Compressive 

Strength 

(psi) 

Reference 

90° 

— 

20,000 

7 


65 

27,500 

13 


52 

24,500 

10 


67.5 

31,700 

12 

± 85° Omniweave* 

52 

40,000 

GE data 


♦G51A/L-207 
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5.5 SHORT BEAM SHEAR TEST DATA 


Short beam shear data was obtained using identical procedures to those employed for 
flexural tests except that lower l/d ratios were selected in an attempt to induce shear 
failures. Unfortunately, however, failure in all tests with the possible exception of 
the Mo rganite /Epoxy specimens G51A/L-207-2, 3, 4, was primarily outer fiber 
tension so that ultimate values of interlaminar shear strength were not obtained 
(Tables 5-14 and 5-15). It is interesting to note that relatively high shear stress 
levels were attained prior to failure in spite of the small 1/d ratios used even though 
the processing procedures employed did not produce good interfacial bonding. It 
appears, therefore, that significant improvement in interlaminar shear strengths are 
feasible with the Omniweave method of composite manufacture. Figure 5-20 features 
post-test specimens indicating that tensile stresses induced the primary mode of 
failure. 


TABLE 5-14. SHORT BEAM SHEAR TEST RESULTS: S-GLASS/USP23 

OMNIWEAVE COMPOSITES 


Weave 

Geometry 

Test 

Direction 

Specimen 

Number 

Fiber 

Angle 

(degrees) 

Shear* 

Stress 

(psi) 

Flexure* 

Stress 

(ksi) 

1/d 

Ratio 

45° FPS 

Axial 

S21A-84-A-1 

± 30 

> 3130 

83.5 

13.3 

6 layers 


-2 

± 28 

> 3100 

81.7 

13.2 



-3 

± 29 

> 3240 

88.7 

13.7 



-4 

±27 

> 3270 

87.1 

13.3 


Trans- 

S21A-84-T-1 

±62 

> 890 

23.4 

13.2 


verse 

-2 

± 56 

> 910 

24.3 

13.3 



-3 

±60 

> 990 

26.3 

13.3 



-4 

± 60 

> 750 

20.0 

13.3 



-5 

±64 

> 930 

25.4 

13.7 



-6 

± 59 

> 1060 

29.0 

13.7 

45° LID 

Axial 

S21D-104-A-1 

± 24 

> 6690 

74.0 

5* <) 

18 layers 


-2 

± 30 

> 6740 

74.9 

5.6 



-3 

±33 

> 5840 

66.0 

5.6 



-4 

± 28 

> 6710 

75.0 

5.6 



-5 

± 29 

> 6540 

68.2 

5.2 



-6 

±33 

> 5040 

65.7 

5.7 


Trans- 

S21D-104-T-1 

± 64 

> 2270 

24.6 

5.4 


verse 

-2 

±63 

> 1930 

20.8 

5.4 



-3 

±61 

> 2170 

23.5 

5.4 



-4 

± 62 

> 2390 

27.3 

5.7 



-5 

± 64 

> 2140 

23.2 

5.4 


♦Calculated at failure load — in most cases flexure stress values are 2 flexural 
strength values (Table 5-4) indicating that specimens did not fail in shear. 
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TABLE 5-15. SHORT BEAM SHEAR TEST RESULTS: 
MORGANITE II/USP23 OMNIWEAVE COMPOSITES 


Weave 

Geometry 

Test 

Direction 

Specimen 

Number 

Fiber 

Angle 

(degrees) 

Shear* 

Stress 

(psi) 

Flexure* 

Stress 

(ksi) 

1/d 

Ratio 

45° LID 

Axial 

G51D-96-2-A-1 

± 36 

> 

6520 

52.2 

4.0 

12 layers 


-2 

± 32 

> 

6580 

52.6 

4.0 



-3 

± 34 

> 

6860 

54.0 

3.9 



G51D-96-3-A-11 

±23 

> 

6070 

46.5 

3.8 



-12 

± 29 

> 

6330 

49.0 

3.9 



-13 

±28 

> 

5920 

44.4 

3.7 



-14 

±25 

> 

6450 

47.8 

3.7 



-15 

±28 

> 

6790 

51.6 

3.8 


Trans- 

G51D-96-2 -T-l 

±63 

> 

2480 

19.8 

3.7 


verse 

-2 

±61 

> 

2540 

19.0 

3.7 



-3 

±63 

> 

1850 

14.0 

3.8 



-4 

±62 

> 

2380 

17.7 

3.7 



-5 

±61 

> 

2680 

19.9 

3.7 

Triaxial 

Axial 

G51A/L-207-A-1 

± 10 


4790 

109.6 

11.4 

6 Layers 


-2 

±20 


7720** 

88.5 

5.7 



-3 

± 11 


7750** 

65.7 

4.2 



-4 

±14 


9130** 

79.0 

4.3 


Trans- 

G51A/L-207-T-1 

± 84 

> 

880 

5.30 

3.0 


verse 

-2 

±84 

> 

760 

4.58 

2.0 



-3 

±81 

> 

990 

5.49 

2.8 



-4 

±81 

> 

1280 

7.16 

2.8 



-5 

±81 

> 

970 

5.36 

2.8 


♦Calculated at failure load — in most cases strain values are £ flexural strength 
values (Table 5-5) indicating that specimens did not fail in shear. 


♦♦Flexure stress is < < flexure strength, hence these values may represent 
measurable shear strengths. 
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S21A-84 Axial Orientation (Top) - Transverse Orientation (Bottom) 



S21D-104 Axial Orientation (Top) - Transverse Orientation (Bottom) 

Figure 5-20. Typical Short Beam Shear Failure Modes 
for S-Glass Omniweave Composites 
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5.6 CONCLUSIONS 


The following conclusions have been made on the mechanical evaluation of Omniweave 
composites. 

1. The measured effect of Omniweave fiber orientation on flexural properties 
appears to be realistic but the absolute strength and modulus values 
obtained are lower than anticipated. This is probably due to inadequate 
process optimization and/or test specimen configuration. 

2. Data for the layered-in-depth (LID) construction indicate that it produced 
composites having greater in-plane properties than the fiber pitch angle 
(FPA) geometry. 

3. The effect of cure cycle on flexural properties was shown to be significant 
and indicated that molding with the resin in a low stage of advancement 
improves fiber wetting and composite strength. 

4. The tensile data for S-glass and Morganite Type Il/epoxy Omniweave 
composites showed a wide scatter and lower strength values than would 
be predicted from unidirectional data for an optimum fiber-resin system. 
The data obtained, however, correlate well with predictions based on 
measured unidirectional properties for similarly processed fiber resin 
systems. This is encouraging in that it demonstrates the ability to predict 
Omniweave structural behavior, but it also points out the need for improved 
processing techniques to promote better fiber-resin adhesion. 

5. The maximum property value achieved with the boron/HT424 FPA Omni- 
weave was comparable with unidirectional boron/HT424 composite data. 

6. Compressive test data on S-glass and Morganite exhibited significant data 
scatter. Transverse omniweave compressive strengths appeared to be 
significantly better than those reported in the literature for unidirectional 
materials. 

7. Interlaminar shear modes of failure were not realized on short beam shear 
tests. Relatively high shear values are indicated for optimized Omniweave 
composites. 
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SECTION 6 


OMNIWEAVE STRUCTURAL ANALYSES 



SECTION 6 


OMNIWEAVE STRUCTURAL ANALYSES 


Analyses were performed using the OMNI computer code to predict elastic moduli, 
coefficients of thermal expansion and approximate strengths as a function of the fiber 
angles for S-Glass, Morganite II, Boron, and Thornel 50 Omniweave composites. Off 
axis tests performed on unidirectional S-glass/epoxy composites were utilized to 
determine the elastic constants and strength parameters for a more realistic prediction 
of S -glass Omniweave composite properties. The utilization of Omniweave for launch 
vehicle structural skin application was analyzed with the general conclusions that 
significant weight savings (60 percent) can be realized in the unpressurized region 
and a 30% weight savings can be effected in the pressurized booster areas, 

6.1 INTRODUCTION TO THE OMNI COMPUTER PROGRAM 

(14) 

The Omniweave computer program (OMNI) performs a thermoelastic analysis of 
fibrous composities with fibers in four directions symmetric with the composite 
coordinate system (Figure 6-1). Inputs consist of the defining fiber and binder iso- 
tropic moduli, binder volume fraction, and unidirectional composite axial, transverse, 
and shear strengths. 

The analysis in OMNI utilizes an averaging technique where the 21 elastic stiffness or 
compliance restraints are determined by transformation from the four fiber directions 
to the composite direction and the average value is used: 

d (m) 

C 1 Jkl (AV E , = i s c « kl 
m=a 

where: a, b, c and d are the four fiber directions. 

The composite co-ordinate system is shown in Figure 6-1 where the one foot axis can be 
visualized as the direction that Omniweave is manufactured or the axial direction. The 
three foot axis is the transverse of hoop axis, and the two foot axis is the thickness or 
radial direction. 

A limits routine predicts the unidirectional composite elastic moduli (Ej, G-^j 
G 23 , ^121 y 23» a 1 and a 2). The computer program then predicts the Omniweave 
composite orthotropic elastic moduli (E*i, 'E* 2 » E* 3 , G* 12 > G* 23 , g *31> u *12> v *23* 
v* 31 , P* 2 l> ^*32> and p* 13 ) and thermal expansion coefficients (o'* 1 , a * 2 , and 
o:*3) as a function of the fiber angles (see Figure 6-2). Mechanical and thermal loads 
(temperature change from zero stress state) are then input; and Margins of Safety, 
stresses and strains determined. A summary of the inputs and outputs of OMNI is 
given in Table 6-1. 
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2’ (RADIAL) 



FIBER c = OC 
FIBER d = OD 


Composite Co-ordinate System 

Omniweave is so constructed such that .CE equals DE and BF equals DF, but there can 
be any variation in the relative lengths of AG, CD and BD changing the fiber angles. 
Figure 6-2 shows the projected angles 6 ^2* ®23> anc * ® 31 for fiber a and the angles 
from the composite axes 1’, 2’, and 3' as 0 a , 0 a and Q a respectively. The relation- 
ship between the projected angles and the direct angles are shown. 


Figure 6-1. Description of Omniweave Fiber System 

Maximum stress and Hill's modified failure criteria were used to determine the 
margin-of-safety due to the applied load. From these values the strength allowables 
were determined. Hill's criteria showed the closest correlation to test data and will 
be used exclusively in the future to predict strength allowables in the Omniweave 
analysis. Also the max stress criteria does not yield a correct solution, because the 
OMNI computer program selects a specific fiber co-ordinate system to calculate the 
internal stresses. Therefore, the maximum stresses, which determine the Omniweave 
strength allowable, is not necessarily obtained. The correct maximum stresses could 
be obtained by rotating the co-ordinate system 360 degrees about the fiber axis, 1-axis 
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RADIAL 



FIBER a 
CO-ORDINATE 
SYSTEM 


1' AXIAL 
• (COMPOSITE 
CO-ORDINATE 
SYSTEM) 


There are fibers b, c. and d in the other quadrants 


Fiber orientation by angles from composite co-ordinates to fiber a 



WHERE: 


TAN Q 


TAN 0 = 


TAN 0 = 


12 


cos e 


23 


TAN a 


23 


cos a 


31 


TAN a 


TAN n = 


31 


COS 0. 


12 


Relationship between fibers a, b, c and d (Omniweave) 

QUADRANT b: V « a = ^ « V M*° - - ®12a 

QUADRANT c- 180° - : Q = Q : --0 

• ca e *a c a 12c 12a 

QUADRANT d: - 180° - ^ a, - 180° - ^ 

Figure 6-2. Omniweave Method of Analysis 
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TABLE 6-1. INPUTS AND OUTPUTS OF OMNI 


Inputs 

Outputs 

1. Fiber orientation angles 

2. Volume percent fiber 

3. Fiber properties (E, V and a) 

4. Matrix properties (E, v and a) 

5. Composite stresses 

axial stress 
or ' radial stress 
a ’ hoop stress 

O 

a i2* a 23 ^ a 31 ^ ear stresses ) 

6. Allowable Unidirectional 

Strengths 

F 1 parallel to fiber 

F„ = F„ transverse to fiber 
2 3 

F = F Shear 
12 13 

F = transverse shear 

Li O 

7. Temperature change from 
zero stress temperature 

1. Unidirectional properties 

( E l> E 2 “ E 3’ G 12 ” G 13* 

G 23’ V 12 “ V l& ^23’ 

a . a = a ) 

V 2 3' 

2. Composite properties 
Young’s Moduli E*, E|, E* 
Shear Moduli G* 2> G| s> G* g 
Poisson's Ratios^* , V* 

2 o 

V* * V* . V* V* 

31* 21’ 32, 13 

Thermal expansion coef. 
a*. a|, o!* 

3. Composite Strains 

e 'l> € 'a e 'l2’ e 23- et °- 

4. * Strains in fiber coordinate 

directions 

€ 1* V C 3’ € 12’ € 23’ 6tC * 

5. * Stresses in fiber coordinate 

directions 

°r CT 2’ °3* a i2’ a 23’ C 13 

6. * Margins of Safely for the 

composite stresses 

MS r MS 2 , MS S , MS 12 , MS 23 , 

“Sis 

(Max. Stress and modified Hill) 

*NOTE: The strains, stresses and 
Margins of Safely are 
given for mechanical stress 
loadings, residual stress 
loadings, and for combined 
mechanical and thermal 
loadings. 
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(See Figure 6-2) and determining the stresses for the co-ordinate systems at various 
increments. The maximum stress criteria does indicate the failure mode and was 
retained for this purpose. 

Omniweave strength values are linearly dependent on the unidirectional strength 
corresponding to the failure mode, for the maximum stress criteria. This linear 
dependence is very nearly the case for Hill ’s criteria. It is therefore important that 
representative unidirection strength values, determined by tests, be input to obtain 
a correct computer analysis. 

The OMNI computer code was specifically designed for standard FPA Omniweave, 
i. e. , a fiber geometry where each fiber maintains a constant direction in space. 

The direction of each fiber for Layered in Depth Omniweave varies along the axial 
composite co-ordinate direction (see Figure 6-2) as a sinesoidal function. The 
angular displacement from the axial direction, i. e. , 0 12 » was approximated to vary 
between 0 and 15 degrees. Computer analysis indicated the Omniweave moduli and 
strength predictions varied only slightly between these two angles and that a value of 
0 12 = 5° yielded average values. 


TABLE 6-2. BASIC MATERIAL PROPERTY INPUTS USED IN INITIAL ANALYSIS 


Material 

Modulus 

E 

(10 6 psi) 

Basic Axial 
Strength* 
(ksi)' 

Poisson's 

Ratio 

V 

Coefficient of . 
Thermal Expansion 

CL 

(10“ 6 F” 1 ) 

Morganite II 

40.0 

400.0 

0.25 

2.0 

Thornel-50 

50.0 

220.0 

0.25' 

2.0 

S-Glass 

12.3 

650.0 

0.25 

2.8 

Boron 

60.0 

500.0 

0.25 

2.2 

Resin (USP23 Epoxy) 

0.54(K=1) 

j 

0.40 

45.0 


♦Unidirection Composite Strength = ? - ^ er s ^ength x j^ker volume 

-L • o 

Unidirectional shear and transverse tensile strength = 9000 PSI 


6-5 









6.2 PREDICTION OF OMNIWEAVE PROPERTIES AND COMPARISON WITH TEST 
DATA 

6. 2. 1 PROPERTIES OP S-GLASS OMNIWEAVE COMPOSITES FROM UNIAXIAL 
TESTS 

The off axis test data on unidirectional S-glass/USP23 composites reported in Section 

5. 1 was utilized to determine unidirectional elastic moduli and strength properties 
using the strain/elastic moduli equations presented in the Appendix Section 10.5. 

From the 0° test data the parallel elastic modulus (E-jj was determined to be 7.25 
(10)6 psi, the basic fiber elastic modulus (Ef) was 11.7 (10)® psi with a resin elastic 
modulus of 0.54 (10)® psi. The transverse elastic modulus (E 2 ) was determined to be 
2.42 (lO)® p gi< The Poisson’s Ratio t> 12 0.262 and finally the average shear mod- 

ulus (G 12 ) of 0. 744 (10)6 p S: [ was determined. The individual values calculated for 
each test specimen using the OMNI computer program is listed for comparison 
(Table 6-3). The variation may be due to differences in fiber volume content from 
specimen to specimen. The correlation between predicted unidirectional moduli and 
that obtained from the OMNI computer code was very close except that the shear mod- 
ulus test values were 10 percent higher than predicted. This correlation indicates that 
a K factor of 1.0 can be used in OMNI for S-glass composites. Previous data used a 
K factor of 1.9. 

Using the unidirectional moduli, the axial modulus versus fiber angle was calculated 
and compared with the test data in Figure 6-3. All of the test data fell on the pre- 
dicted modulus (Ex) (except that for the 45' degree specimens) indicating that the uni- 
directional moduli determined are accurate. The axial modulus was also calculated 
using the basic fiber and matrix constituent properties with very little deviation 
from the test data. This close correlation was obtained using matrix modulus of 
elasticity of 540,000 psi with aK factor of 1.0. 

The unidirectional strength was determined from the off axis tensile test specimens. 

The specific values calculated and the order of evaluation is shown in Table 6-4. The 
transverse tension and shear strength variation is partly due to the variation in volume 
percent fibers. The low values of F 2 and F 12 can be improved by process improvement. 

Using these unidirectional strengths, the axial strength versus fiber. angle was cal- 
culated using the Modified Hills Failure Criteria. This predicted strength versus the 
test data is shown in Figures 6-4 and 6-5. In Figure 6-4 it can be seen that there is 
very little change in the predicted strength if the transverse compression strength 
(F 2 c) is f° ur times the transverse tensile strength (F 2 ). As mentioned later it was 
decided to use the factor of four. 
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TABLE 6-3. S-GLASS UNIDIRECTIONAL MODULI FROM TEST DATA 


0 

Resin Modulus = 0.54 (10) psi, = .35 
Fiber Modulus = 11.7 (10) 6 psi, = .20 


Fiber 

Strain E 1 

Reading (10 psi) 

E 2 

12 (10 6 psi) 

Gi2 


Orientation 

(10 6 psi) 

0° 

Axial 7.25 

0.288 


r 

90° 

Axial 

0.237 2.42 



45° 

Shear 

(1. 66)* 



(Average values used to obtain G_ 0 ) 

X £ 

0.262 2.42 



45° 

Axial 


0.670 

0.755 

45° 

Lateral 


0.840 

20° 

Axial 


0.722 


20° 

Lateral 


0.765 

0.707 - 

O 

O 

<M 

Shear 


0.635 


60 

Axial 


0.722 


60° 

Lateral 


0.865 

0.769 

60° 

Shear 


0.72 





AVE 

0.7436 


DATA FROM OMNI COMPUTER CODE 




Using Constituent Properties 




/> 

(E fa =0.54(10) psi,V b = 

0.40, E f = 11.5(10) psi, V f 

= 0.20) 


0 & 20 

7.24 

0.272 2.445 

0.672 


45 

6.678 

0.282 2.144 

0.591 


60 

7.124 

0.274 2.380 

0.655 


90 

6.789 

0.280 2.200 

0.606 



AVE. 6.957 

0.277 2.292 

0.631 



VALUES USED TO CALCULATE AXIAL MODULUS 



TEST DATA 

7.25 

0.262 2.42 

0.7436, 



* Value not used because 90° specimen gives best results. 
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FIBER ANGLE (8) 

Figure 6-3. S -Glass Off-Axis Modulus Test Data 
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unidirectional strength 

F - 148, TOO 
$2 = 4410 
*12 = 5950 


PREDICTED STRENGTH ~ 

HILL’S CRITERIA 

F ~ F 
2C 2 


TEST DATA 









TABLE 6-4. S-GLASS UNIDIRECTIONAL STRENGTH FROM TEST DATA 



*A11 of these values of transverse tensile and shear strengths are low and with process 
improvement we would expect a 100 percent improvement. 


Using the unidirectional strength data, the predicted strength of the S-glass /epoxy 
Omniweave was determined using the OMNI computer program. Figure 6-6 shows the 
correlation between tensile test data and predicted values. Figure 6-7 shows the 
compression test data and Figure 6-8 the modulus of elasticity. The tensile test 
data values are significantly higher than the predicted strength when the uniaxial test 
data was used but was lower than the expected strength that can be obtained with process 
improvement. The two specimens in Figure 6-6 that fall outside the predicted range 
are considered to have an average fiber angle 0 of 20 degrees instead of the angles 
reported. The compression test data in Figure 6-7 is also in the range expected. As 
shown on this curve with the unidirectional transverse compressive strength (F£c) 
set equal to four times the transverse tensile strength (F 2 ) results in a better fit of 
the test data. 

The correlation of the composite elastic modulus test data is shown in Figure 6-8. In 
the steep part of the curve the discrepancy again could be due to the accuracy that the 
reported fiber angles have. Two prediction curves were generated with a volume 
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TEST DATA < 


l 

o STANDARD 

^ F 2C “ F 2 

''DESIGN CURVE’ 


OMNI PREDICTED STRENGTH 
= 148, 700 

E 2 = 4,410 

F 12 = .5,950 


EXPECTED STRENGTH 
'WITH PROCESS IMPROVE- 
MENT 

F 2 = F 12 - 9,000 


USING UNIDIR EC- • 
TIONAL STRENGTH 
FROM OFF AXIS TESTS 


0 (DEGREES) 

Figure 6-6„ S-Glass- Omni weave Tensile Strength 






Figure 6-7. S -Glass Omniweave Compressive Strength 






percent fiber of 58 and 65 to correspond with the unidirectional moduli test values and 
the expected values with a higher volume fraction of fibers. The 65 percent fiber 
volume curve represents the predictions using the unidirectional moduli generated from 
the constituent moduli in the OMNI computer program. As determined from the off- 
axis test specimens the OMNI shear modulus is low by about 10 percent from the test 
data. If this increase were included in the analysis, the Vf = 0.65 predicted composite 
modulus would be higher and closer to the test data. The final S-glass design curves 
of strength and modulus of elasticity are those labeled ’'Design Curve" in Figure 6-6, 

6-7 and 6-8. 

6. 2. 2 FINAL DESIGN CURVES 

The final- "Design Curves" as predicted by the OMNI computer program for all of the 
layered-in-depth (LID) and the standard Omniweave configurations with a small edge 
projected angle (012 = 5°) are shown in Figures 6-6 through 6-17. All of these prop- 
erties are based on the percent fiber volume that was obtained in the fabrication of 
specimens. All of these predictions are based on a K factor of 1. 0 and a transverse 
compression strength equal to four times the transverse tensile strength. Where con- 
siderable test data falls below the "Design curve", it has been judged that by process 
improvement, these values can be obtained. 

6. 2. 3 PRELIMINARY DESIGN CURVES 

During the course of this program, the OMNI Computer Program was utilized to pre- 
dict, not only strength and moduli properties but also Margins of Safety (under thermal 
or thermal plus mechanical loading), shear moduli, poisson’s ratios, and coefficients 
of thermal expansion for Omniweave composites. These curves are presented in Ap- 
pendix Section 10. 6. 

6.3 APPLICATION OF OMNIWEAVE TO LAUNCH VEHICLE BOOSTER SYSTEMS 

There is not sufficient test data available to completely characterize and substantiate 
the failure criteria used. However, there is sufficient data so that an approximate 
prediction of strength can be made of the different Omniweave configurations to com- 
pare with metallic facing materials, currently being used as structural skins on launch 
vehicle booster systems. As shown in Figure 6-18, there is a good correlation of the 
test strength and predicted strength of the layered-in-depth configurations as a function 
of the fiber orientations. (This data on Quartz Omniweave was obtained through another 
program). This correlation was obtained using the Hill’s modified failure criteria and 
assuming the values of the unidirectional transverse tensile strength and shear strength 
The values that actually fit the test data best was for Quartz-Phenolic Omniweave, 
where the transverse tensile strength, F£, was set equal to 10,000 psi and the shear 
strength, F 12 , was set equal to 12,000 psi. Because the unidirectional strength of the 
other fiber systems with a different resin system could be below the values of 10,000 
psi and 12, 000 psi used in this correlation, both values were set equal to 9, 000 psi for 
predicting the Omniweave strength in this study. 


6-15 



AXIAL STRE] 



















,US (10 PSI) 

















O TEST DATA 







The configurations evaluated and the predicted strength are tabulated in Table 6-5, All 
configurations were for a fiber volume content of 65 percent. The axial and transverse 
strength of the 18 and 45 degree LID configurations are indicated. The third configu- 
ration, 18 and 72 degree LID, is two layers of 18 degree LID of equal thickness with one 
layer rotated 90° degree relative to the second layer. This results in a composite with 
equal strength in the axial and transverse directions. 

TABLE 6-5. PREDICTED OMNIWEAVE STRENGTH 
(65% fiber volume content) 


Material 

Omniweave 
Angle to Axis 
(±9) 

Strength* 

(psi) 

Density 
(lbs /in 3 ) 

Axial 

Transverse 

Morganite II 

18° LID 

120,000 

10,000 

0. 0574 


45° LID 

18,000 

18,000 



18°/72° LID 

65,000 

65,000 


S Glass 

18° LID 

64,000 

10,000 

0. 0737 


45° LID 

18,000 

18,000 



18°/72° LID 

37,000 

37,000 


Thornel 50 

18° 

86,000 

10,000 

0. 0546 


45° LID 

18,000 

18,000 



18°/72° LID 

48,000 

48,000 


Boron 

18° LID 

160,000 

10,000 

0. 0702 


45° LID 

18,000 

18,000 



18°/72° LID 

85,000 

85,000 



* Unidirectional allowable strengths were conservatively assumed to be; 


F 2 = 9000 psi and F 12 = 9000 psi 

From the data in Table 6-5 the specific strength of the various configurations was de- 
termined and tabulated in Table 6-6. 

For launch vehicles, there are two critical loading conditions. The first is in the un- 
pressurized areas where the critical shell loads are axial compression with low hoop 
loads. The second is in the pressurized areas where the axial compression is com- 
bined with hoop tensile loadings. Using honeycomb construction, the core thickness is 
varied to preclude buckling of the shell, so that the critical parameter is the strength 
to weight ratio (specific strength) of the facing materials. The Youngs modulus of the 
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TABLE 6-6. PREDICTED SPECIFIC STRENGTH COMPARISONS OF 
HONEYCOMB FACING MATERIALS 

AREAS OF LAUNCH VEHICLE NOT PRESSURIZED 
(Axial Strength Critical) 


Material 

Omniweave 
Angle to Axis 
(±6) 

Specific Strength Facing Weight Relative to 
(10^ inches) 7075-T6 

Morganite II 

18° (LID) 

2080 

36% 

S Glass 

18° (LID) 

870 

86% 

Thornel 50 

18° (LID) 

1580 

47. 5% 

Boron 

18° (LED) 

2270 

33% 

Comparison Data 




Ti-6A1-4V 

Titanium 

810 

92.5% 

17-7PH 

Stainless Steel 

650 

115% 

7075-T6 

Aluminum 

750 

100% 

Beryllium Sheet 


1040 

72% 


AREAS OF LAUNCH VEHICLE PRESSURIZED 



(Both Axial and Hoop Strength Critical) 



(Axial Strength Equals Hoop Strength) 


Morganite II 

45° (LED) 

312 

240% 


1/2 18°A/2 72° (LID) 

1130 

66% 

S Glass 

45° (LID) 

245 

305% 


1/2 18 71/2 72° (LID) 

502 

148% 

Thornel 50 

45° (LID) 

330 

227% 


1/21871/2 72'’ (LID) 

880 

85% 

Boron 

45° (LED) 

256 

292% 


1/21871/272° (LID) 

1210 

62% 
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facing material dictates the required core thickness with increased weight for lower 
modulus facing materials. This weight variation in general is of secondary impor- 
tance to that of the facing weight. Therefore, specific strength of the facing materials 
is a good measure of the relative weight effectiveness of different facing materials for 
launch vehicle honeycomb construction. 

As can be seen from Table 6-6, all of the shallow axial angle Omniweave configurations 
are very competitive with the metallic facing materials in the unpressurized area of the 
launch vehicle. The Boron Omniweave configuration indicates a facing weight 33 percent 
of an equivalent aluminum facing. Even when compared with beryllium facing the Boron 
Omniweave would be 46 percent of the beryllium weight. 

In the pressurized area of the launch vehicle, the picture does not look as bright. All 
of the 45 degree LID Omniweave materials do not compare favorably with metal facing 
materials. The 18 and 72 degree Boron Omniweave indicates a weight savings of 62 
percent of aluminum facings and is a little better than beryllium facing. 

It should be pointed out that these are predicted values based on a conservative evaluation. 
Properties of optimized Omniweave materials are expected to be better than the assumptions 
in this evaluation so that even greater advantages are expected than those shown in Table 6-6. 
Other configurations should also improve these strength values. Forthe upressurized areas, 
the axial strength can be increased by going to 10 degree configurations. In the pres- 
surized areas, the addition of fibers in the fifth direction, axial fibers added to the 45 
or 60 degree Omniweave configuration looks promising. 

6.4 CONCLUSIONS 

There were several significant data trends which occurred in all materials analyzed. 
Using the maximum stress criteria, strength prediction curves for 45 degrees FPA 
standard Omniweave indicates failure in the matrix material under axial loading. Shear 
failure occurs in the matrix for 0 ^ - 0 to 45 degrees and transverse tensile failure 
for 0^2 greater than 45 degrees. Axial strength increases with the modulus of the 
material and shows no dependence on the basic fiber strength for the high-strength 
fibers analyzed. Hill's failure criteria indicates a much lower axial strength than the 
maximum stress' criteria for a 45 degree FPA figer orientation. Strength is greatly 
reduced for ©22 greater than 45 degrees as the result of the high transverse tensile 
stress produced. 

Moduli prediction curves show E2, E2, and E3 constant and approximately equal for 
012 between 0 and 45 degrees. E2 increases sharply for 0i2 greater than 45 degrees. 

Correlation between test data and the OMNI analysis for Morganite II and S-Glass Om- 
niweaves yields the following results and conclusions: 

1. The sharp increase in the strength predictions with an increasing 0 31 between 
50 and 75 degrees has been verified by test. Predicting the exact strength 
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and moduli curves appears to be a matter of determining the correct unidirec- 
tional transverse shear and tensile strengths, the effective fiber modulus, and 
the effective binder modulus, i. e. , K factor. Off axis tensile testing of uni- 
directional composites is recommended for obtaining these properties. 

2. Preliminary evaluation indicates a substantial weight saving of 60 percent 

for Omniweave facing materials over the metallic facings in the unpressurized 
area of a launch vehicle. 

3. A weight savings of 30 percent is indicated in the pressurized portion of the 
launch vehicle. 
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SECTION 7 

DISCUSSION AND CONCLUSIONS 


The utilization of filamentary materials as structural composite reinforcements is 
directly related to: (a) the development of manufacturing technology which can provide 
weight-effective fiber configurations best able to meet the demands of the structural 
application; (b) generation of composites having consistently high and reproducible prop- 
erties which can be predicted by analytical techniques; and, (c) better performance 
than state-of-the-art materials, e.g. , metals, on a cost effective as well as on a 
weight effective basis. 

Development of a composite material to the level where it can satisfy all of these re- 
quirements is a lengthy process. The Omniweave method of composite manufacture 
is in the initial phase of development from a laboratory item to a useful structural 
material. Table 7-1 summarizes the status of Omniweave development. 

TABLE 7. 1 OMNIWEAVE DEVELOPMENT STATUS 


Criteria 

Omniweave Status 

Ability to Provide Weight 
Effective Fiber Configurations 

Weaving design patterns have been 
devised to produce a multitude of fiber 
geometries and part shapes. Process 
needs improvements in loom operation 
and weaving techniques to maximize 
fabric uniformity and weave density. 

Produce Composites Having 
High and Reproducible Mechanical 
Properties 

Limited amount of test data indicates tKe 
need for improved processing. Test 
specimen configurations and methods 
should he reviewed and modified for eval- 
uation of multidirectional reinforcement 
geometries. 

Ability to Predict Composite 
Properties 

The "OMNI" computer programs appears 
to be reliable for property predictions. j 

Needs data obtained from off-axis testing 
of unidirectional composites to realize 
maximum reliability. 

Interlaminar Strength without 
Sacrifice of Planar Properties 

Preliminary property data indicates com- 
parable in-plane properties to angle-plied 
filamentary laminates with greater trans- 
verse compression and interlaminar shear 
strengths. Flexural fatigue properties are 
predicted to be higher than those obtained 
by laminate procedures. 

Cost Effectiveness 

Present processing costs arc high. Devel- 
opment of continuous equipment will make 
Omniweave process less expensive than 
hand lay-up or filament winding procedures. 
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7.1 OMNIWEAVE WEAVING PROCESS 

The Omniweave process has the potential to produce weight-effective structures since 
individual fibers can be oriented to meet the stress loads. High axial, high transverse 
or nearly isotropic fiber concentrations can be realized within the Omniweave fabric. 

In addition, these fibers are interlocked in-depth so that the high shear characteristics 
in the radial or thickness direction can be obtained since discrete laminae regions are 
not formed. Additional fibers- can also be introduced into the weave along the ortho- 
gonal axes. Nearly any fiber, including tungsten-cored boron as this study showed, 
can be woven into an Omniweave configuration. 

The Omniweave processing method is a new manufacturing technique which can be used 
to produce efficient filamentary composites. Up to now structural designs have been 
built around the fixed geometry and limitations of composites produced by hand lay-up, 
filament winding or standard warp/fill weaving. It is now possible to study the antici- 
pated stress loads and to design the Omniweave which can best fit the structural require- 
ments . 

Weaving techniques have been devised to produce a multitude of fabric shapes, including 
structural tubes and struts, "I", "T" and channel beams, tapered shapes, and integrally 
ribbed cylinders. In addition, all constructions can eventually be built employing speci- 
fic fibers in specific regions of the construction. 

The weaving process that is now being used is in the very preliminary development 
stages. It utilizes a loom to affect the yarn cycling motions but weaves only finite 
length warp elements. Consequently, all yarn crossovers (weave stitches) have to be 
combed manually (if the weaving elements were fed from spools under proper tension, 
uniform, continuous fabric could be produced without any combing). The manual comb- 
ing of weave crossovers produces fiber damage and non-uniformity in the woven fabric. 

It is believed that a major reason for the scatter in test data obtained in this study is 
directly related to premature failure initiated in distorted fabric regions. Recom- 
mendations for improving the weaving process are discussed in Section 8.1. 

7.2 OMNIWEAVE MOLDING PROCESS 

All materials were woven as prepreg in which the resin was advanced to the point 
where it was non-tacky. The woven prepreg fabrics were then molded either in a 
closed mold cavity or between metal plates. The test data obtained indicates that this 
molding procedure needs improvement and optimization. For example, the average 
tensile strength of the unidirectional S-glass/USP23 epoxy test coupons was about 
150,000 psi, about half of the anticipated value. McLoughlin ( i6 ) has shown that the 
flexural strengths of S-glass/ epoxy unidirectional composites are strongly influenced 
by the processing history. He obtained consistent flexural strengths of about 200, 000 
psi employing highly advanced prepreg. Upon using a less advanced prepreg material, 
McLoughlin raised the unidirectional flexural strength to over 400, 000 psi (Table 7-2). 
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TABLE 7-2. EFFECT OF PREPREG CONDITIONS ON FLEXURAL 
PROPERTIES OF UNI-DIRECTIONAL 
S-GLASS/EPOXY COMPOSITES ( 16 > 


Prepreg Conditions 

Molding 

Conditions 

Flexure 

Strength 

(psi) 

Flexural 

Modulus 

(xl0 - ®psi) 

Interlaminar 
Shear Strength 
(psi) 

33% Solids solution 
Impregnation, highly 
staged, non-tacky 
prepreg 

1 hour at 120° C 
under 600 psi, 
vacuum 16 hours 
at 175° C Post- 
bake 

202,000 

6.9 

10,2000 

33% Solids solution 
Impregnation, Tacky 
high volatile content 
prepreg 

1 hour at 150° C un- 
der 600 psi, vacuum 
16 hours at 175° C 
Post-bake 

425,000 
i i 

8.5 

13,400 


This referenced study indicates that highly staged prepregged fibers , such as were 
used on this Omniweave program, prevents good fiber wetting and, therefore, re- 
sults in composites having lower mechanical properties than anticipated. Variations 
of the cure cycle prior to final cure indicated significant property improvements may 
be realized using a more fluid resin condition (Table 7-3). 

/8) 

Cole and Mulvaney' have intensively studied the effect of cast epoxy resin properties 
on S-glass/epoxy unidirectional composite properties. Their data indicates that a 
two-fold increase in flexural strength can be realized by the judicious choice of the 
resin matrix (Table 7-4). It appears that the USP23 .epoxy resin may not have been 
an optimum matrix for transference of stress loads to the Omniweave fibers. Recom- 
mendation leading to the improved molding of Omniweave composites are discussed 
in Section 8.2. 

7.3 OMNIWEAVE TEST DATA AND STRUCTURAL ANALYSIS 

The OMNI computer code was used throughout the program to predict Omniweave com- 
posite properties. In general, predictions agreed well with the generated data. It is 
interesting to note that the Omni weave mechanical property predictions for the S-glass/ 
USP23 epoxy systems agreed very well when predictions were based on inputs obtained 
from the off-axis evaluation of unidirectional tensile coupons (See Figures 6-6 and 
6 - 8 ). 

The data and analysis on the Morganite Type II Omniweave composites indicates that 
the fiber properties were lower than reported in vendor data. It appears that the 
Morganite material had been derived from an early continuous process batch and had 
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TABLE 7-3. EFFECT OF CURE CYCLE ON FLEXURAL 
PROPERTIES OF S-GLASS/USP23 OMNIWEAVE COMPOSITES 




Fiber 



Flexural 

Panel 

Angle 

Cure Cycle 

Strength (psi) 



±32 


A 

57,000 

S21A-84 

±29 


B 

85,300 



± 66 


A 

15,400 



±60 


B 

24,800 



±25 


A 

68,200 

S21D-104 

±30 


B 

70,600 



±67 


A 

13,400 



±63 


B 

23,900 

Cure Cycle "A" 

Cure Cycle "B" 

Time, 

Temp. , 

Pressure, 

Time, 

Temp. , 

Pressure, 

(min. ) 

( F) 


(psi) 

(min. ) 

(°F) 

(psi) 

5 

RT 


1000 

5 

RT 

1000 

15 

RT to 250 

100 

15 

RT to 300 

100 

30 

250 


100 

90 

300 

1000 

30 

250 


1000 




5 

250-300 

1000 




60 

300 


1000 





inferior properties to the meter length tow or recent continuously processed material. 
Table 7-5 illustrates the range of strength and modulus properties for Morganite 
II/epoxy unidirectional composites reported in the literature. If it is assumed that 
our fiber lot had properties comparable to those reported in Reference 11, the predic- 
tion curves closely approximate the values obtained through specimen testing (See 
Figures 6-9 and 6-11). 

The boron Omniweave composites showed the greatest tensile test data scatter. 
Specimens failed classically (within the gage length at 90 degrees to load fracture), in 
a random jagged fracture near the doubler and within the doubler regions (See Figure 
5-17. 

The maximum tensile value for the boron/HT424 Omniweave system failed at a level 
higher than that obtained for a unidirectional composite of identical resin/fiber content 
(Table 7-6). An interesting point to note is that boron Omniweave tensile strengths for 
a ±5 - 20 degrees axial angle are predicted to be higher than that for a unidirectional 
boron/HT424 composite. 
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TABLE 7-4. THE EFFECT OF EPOXY RESIN MATRIX MATERIAL ON MECHANICAL 
PROPERTIES OF UNIDIRECTIONAL S-GLASS/EPOXY COMPOSITES 
(65% FIBER VOLUME FRACTION) (8) 


Epoxy 

Resin Material 

Resin 

Tensile Strength 
(psi) 

Resin 
Modulus 
(x 10~ 6 psi) 

Elongation 
Resin (%) 

Resin 

Flexural 

Strength 

Composite 
Tensile 
Strength, (psi) 
(90° Orientation) 

Composite 
Modulus 
(x 10~ 6 , psi) 
(90° Orientation) 

Composite 
Compressive 
Strength, (psi) 
(0° Orientation) 

Composite 
Flexural 
Strength, (psi) 
(0° Orientation) 

Composite 

Interlaminar 

Shear 

Strength (psi) 

ERIA-4289 

4900 

0.23 

18.5 

10,800 

3100 

1.37 

87,200 

187,500 

5500 

Epon 828/Epon JL031 

9100 - 11800 

0.49 

2.5 

16,400 

6100 

2.19 

192,000 

344,700 

11000 

ER LA-4300 

12900 - 16500 

0. 88 

2.2 

23,800 

8000 

3.11 

228,000 

380,700 

12900 

ERIA-0400 

17500 

0.69 

4.6 

27 , 600 

10100 

2.71 

241,000 

425,000 

14300 

USP23 (From Table 4) 

12000 

0.54 

3.5 -4.5 

18,000 




















TABLE 7-5. UNIDIRECTIONAL TENSILE PROPERTIES OE 
MORGANITE TYPE II/EPOXY COMPOSITES 
(Literature Data) 


Fiber 

Orientation 

(degrees) 

Fiber Volume 
(percent) 

Tensile Strength 
(psi) 

1 

Tensile Modulus 
(10® psi) 

Reference 


— 

150,000 

— 

7 


60 

165,000 

21.2 

9 


51 

125,000 

18-22 

10 

0 

58* 

88,500* 

17* 

11 


55 

100,000 

35 

11 


55 

80,000 

24 

11 . 


67.5 

167,000 

23.5 

12 


55 

175, 000 

19.5 

12 


— 

8,000 

— 

7 


60 

5,200 

1.2 

9 

90 

52 

8,700 

1. 2-1. 5 

10 


58 

10,000 

— 

11 


67.5 

8,400 

— 

12 


*Used in analysis (Section 6) to obtain best fit of Omniweave data. 


TABLE 7-6. BORON/HT424 OMNIWEAVE TENSILE STRENGTHS 
(55-FIBER VOLUME FRACTION) (EXTRACTED FROM FIGURE 6-15) 


Test 

Configuration 

Predicted 
Value, psi 

Test Data, psi 

Unidirectional layup 

135,000 

135,000 

± 5° Omniweave 

145, 000 

137,000 

±10° Omniweave 

148,000 

— 

±15° Omniweave 

147,000 

— 

±20° Omniweave 

144,000 

— 


The majority of the mixed fiber Omni weaves failed by "brooming", e.g. , individual 
fiber bundles were pulled out of the doubler regions, indicating that the test values 
obtained are eonversative. 

The compression tests and the corresponding predictive curves for all Omniweave 
materials indicate that significantly higher transverse compressive strengths may be 
realized with axially oriented Omniweave than with unidirectional materials (Table 
7-7). This type of performance may have important bearing for certain structural 
applications (high axial tension coupled with high transverse compression). 
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TABLE 7-7. COMPARISON OF MORGANTTE TYPE II/EPOXY 
OMNIWEAVE TRANSVERSE COMPRESSION DATA WITH LITERATURE 
REPORTED VALUES FOR UNIDIRECTIONAL MATERIAL 


Fiber 

Orientation 

Fiber 

Volume 

(percent) 

Compressive 

Strength 

(psi) 

Reference 

90° 

— 

20,000 

7 


65 

27,500 

13 


52 

24,500 

10 


67.5 

31,700 

12 

±85° Omniweave* 

52 

40,000 

GE data 


*G51A/L-207 


Futile attempts were made to determine the interlaminar shear strength of the Omni- 
weave composites. In all cases, with the possible exception of the test performed on 
one Morganite composite (G51A/L-207, 9000 psi interlaminar shear strength), speci- 
men failure occurred at flexural strength levels indicating that the specimens did not 
fail in shear. 

An area which may require investigation is the adequacy of the test specimen configu- 
rations . Omniweave is a multidirectionally reinforced composite which was evaluated 
using test techniques and configurations initially designed for isotropic materials and 
later modified for use with anistropic laminates. It is probable that the test data may 
reflect the unsuitability of these test specimens. The test specimen width included 
few fiber crossovers since large fiber bundles were used as the weaving elements and 
most test specimens had a large thickness-to-width ratio implying that all tensile and 
compression data might be conservative. Whether these tests were realistic or not 
can only be determined through test specimen configuration studies (See Recommenda- 
tions, Section 8. 3). 


7-7/7-8 




SECTION 8 


RECOMMENDATIONS 



SECTION 8 


RECOMMENDATIONS 


The work performed during this study has uncovered several key areas which will re- 
quire intensive investigation in order to develop Omniweave composites for structural 
applications. Essentially, this recommended work effort is geared to upgrading the 
weaving process, optimizing the molding procedures and derivation of suitable testing 
configurations . In addition, several potential applications for the immediate use of 
Omniweave composites are outlined. 

8.1 WEAVING PROCESS OPTIMIZATION 

Most of the problems associated with the weaving process have been discussed in 
Section 7,1. A concerted effort is needed to improve the quality of the Omniweave 
fabrics as well as explore techniques for implementing a continuous weaving operation. 
Some of the factors which should be investigated with the present finite length equip- 
ment are; 

1. Combing techniques or fiber coatings which minimize fiber abrasion, 

2. Yarn tensioning methods and packing techniques to remove fiber crimp and 
maximize fabric uniformity, 

3. Techniques to enhance fabric density, 

4. Techniques to improve Omniweave production rates. 

In addition, a development effort should be initiated to determine the best means of 
producing continuous Omniweave flat fabrics and seamless cylinders: 

1. Several preliminary continuous weaving designs should be scaled up to 
prototype models handling 36 to 100 weaving elements. 

2. Spool tensioning techniques should be optimized through evaluation using 
these prototype models. 

3. A wide range of fibers materials (e.g., glass, Morganite, boron) should be 
continuously woven into small strips to demonstrate feasibility. 

4. Several weaving patterns should be woven sequentially within these small 
strips to demonstrate design feasibility. 

8.2 MOLDING PROCESS OPTIMIZATION 

The test data obtained on this program showed that low mechanical values were 
obtained on S-Glass/USP23 epoxy resin Omniweave composites. These low values can 
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be traced back to the molding procedure and/or resin selection since test data for 
similarly processed unidirectional constructions were correspondingly low (See 
Section 7.2) . In addition, Morganite test values were lower than. anticipated but these 
appear to reflect the true fiber properties, e.g. (E = 28.5 x 10 6 psi, UTS = 200, 000 
psi) . The boron and mixed fiber systems show fairly wide scatter indicative of the 
need for process improvement. 

It is recommended that the variables in Omniweave molding be studied intensively to 
derive optimal procedures to produce composites having high and consistent mechanical 
property values. These studies should be performed using one Omniweave fabric de- 
sign and one fiber material . 

Several epoxy resins should be investigated as potential matrices for Omniweave 
composites. In all cases, post-weave impregnation with a low viscosity resin solu- 
tion would be employed. Auxiliary vacuum pressure to remove volatiles during 
molding would be used for all process runs. Vendor recommended cure conditions 
would be utilized. Resin staging conditions, molding pressure and post cure cycle 
would be the prime variables studied. Off-axis data on similarly processed unidirec- 
tional composites would be used to generate predictive curves. Omniweave com- 
posites produced with these processing variations would be evaluated for flexural and 
tensile properties in both the axial and transverse directions. 

The outcome of this effort would be a processing procedure which would produce 
Omniweave composites having significantly improved and reproducible properties. 

8.3 EVALUATION OF TEST SPECIMEN CONFIGURATIONS 

The relatively good correlation between some of the measured Omniweave tensile prop- 
erties and predictions from the OMNI computer code is encouraging. Ultimately, 
however, computer code predictions must be verified by direct property measurements 
on structural shapes. Therefore, it is recommended that future Omniweave develop- 
ment efforts include mechanical testing of cylinders in tension, compression and tor- 
sion in order to provide strength and elastic constants data to compare with predictions 
from the OMNI program. When this has been accomplished, optimum test coupon 
configurations for simple mechanical property tests can be readily identified on a 
pragmatic basis . 

8.4 OTHER APPLICATIONS FOR OMNIWEAVE COMPOSITES 

Omniweave composites have shown the potential to be highly weight-effective as struc- 
tural skins for honeycomb sandwich launch vehicle booster assemblies (Section 6.3). 
Omniweave materials can be efficient for many other structural application including^ 

1. beams, hollow thin wall struts for compressive and/or axial loadings 

2. high temperature structural composites 

3. structural members and components for airplanes, helicopters, launch 
vehicles, etc. 
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It is recommended that Omniweave composites be evaluated for potential use in applica- 
tions such as those listed since it can produce components having similar in-plane prop- 
erties to those of angle-plied filamentary composites but with significantly enhanced 
interlaminar shear and fatigue characteristics. Moreover, the Omniweave manufac- 
turing process has the potential for continuous production of structural members re- 
sulting in lower manufacturing costs than with the filament winding or hand lay-up 
method of production. 
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APPENDIX 

10.1 FORMULAE USED IN CHARACTERIZING S-GLASS, MORGANITE H, BORON, 
AND THORNEL 50S COMPOSITES 

a) Determination of resin content of carbon composites 

w 

. W B - aw 

r 100 - iw 


Where; 

= Weight (percent) resin in composite 
W = Weight (percent) resin, including volatiles, in prepreg 

IX 

AW = Weight loss (percent) during cure 

b) Determination of fiber content 

W, = 100 - W 
f r 

Where: 

W^ = Weight (percent) fiber in composite . 

W^ = Weight (percent) resin in composite 

c) Determination of volume (percent) resin in composite 

V = W 

r r (Pr> 


Where: 

= Volume' (percent) resin in composite 
P c = Composite density 
W^ = Weight (percent) resin in composite 
p r = Resin density 
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d) Determination of volume (percent) fiber in composite 


v f ~ w f 

f f (p r ) 


Where: 


= Volume (percent) fiber in composite 

p c = Composite density 

W_£ = Weight (percent) fiber in composite 

p r = Resin density 


e) Determination of composite porosity (volume percent voids) 


Where: 



P = Porosity 

p c = Composite density 

W r = Weight (percent) resin in composite 

Pr = Resin density 

Wj = Weight (percent) fiber in composite 
PjP = Fiber density 

10.2 FORMULAE USED IN CHARACTERIZING MIXED FIBER OMNIWEAVE 
COMPOSITES 

a. The weight per unit length of each fiber -prepreg system (W-) was 
measured. 

b. The number of weaving elements (N.) of each fiber -prepreg system was 
determined from Figure 4-23 . 

c. The resin weight percent of each fiber -prepreg system in composite form 
(Ri) was assumed to be: 35 percent (Boron), 22 percent (S-glass) and 35 
percent (Morganite II) . 
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d. The following formulae were then employed: 


Weight percent resin j = (W^) 


N W R. 
- 333 
n 


.Sn. 

i= 1 l 


w. 


Weight Percent fiber j = (Wf)^ 


N. W (100 - R.) 
3 j 3_ 

S N. W. 

i=l 1 1 


Volume Percent Resin i = (V ). = 

J ' r j 


(W r )i Pe 
(Pr)j 


Volume Percent Fiber j = (V^) = 


(W f ). Pc 

Pf 


n 

Volume Percent Porosity = P = 100 - £ (V r ) j + (V ) . 

i=l 1 


Where: 

n = Number of fiber-prepreg systems in the composite 
Pc = Composite density 
P r = Resin density 
pf = Fiber density 


10.3 TENSILE SPECIMEN PREPARATION 

End reinforcement doublers were bonded onto the grip areas of all the tensile specimens. 
Bonding surfaces were given a light sanding, rinsed with acetone and coated with an 


DOUBLER 



TENSILE BAR 


wssmssSSm I 

wmsmssam 


mososasaam 

mmasssMOBOto 


epoxy adhesive. The bond was cured between C clamps at 140°F'for a minimum of 
two hours. The following table describes the doubler materials used on various 
tensile specimens. 
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Doubler 
Thickness (in) 

Doubler 

Material 

Test Specimens 

0.100 

181 glass/expoxy 

glass/epoxy unidirectional 

0.125 

Paper /phenolic 

glass /epoxy Omhiweave 

0.125 

glass/epoxy 

Morganite /epoxy Omniweave 

0.50 

Steel 

Boron, thorhel and mixed 
fiber Omniweaves 


10.4 ANALYSES OF OFF AXIS TENSILE TESTING OF UNIDIRECTIONAL - 
COMPOSITES 

The following relation steps were utilized to obtain the basic elastic modulli and 
strength constants input for use on the OMNI computer code. 


A . Axial Strain/Axial Stress (e /<j ) 

o x 



m 4 2 2 ^12 n 4 
— -2 m n — 

E 1 E 1 E 2 


( 1 ) 


B. Lateral Strain/Axial Stress (Cgg/cr^) 

€ nn € 2 2 , 4 4 2 2 2 2 

90 _ x _ m n (m + n n m n 

rr rr E E EG 

°x °x 1 1 2 ^12 


C. Shear Strain/Axial Stress (2 e^ 5 - 
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Where: 


90 

r 45 


x 

0 

m 

n 

E ! 

E 2 

G 12 

u 12 


when 


u 


12 


E_ 


F 


12 


Axial reading of strain gage (0°) 

Lateral reading of strain gage (90°) 

45° reading of strain gage (45°) 

Stress in axial direction 

Failing stress in axial direction 

Angle from axial load direction to fiber direction 

Cos 0 

Sin 0 

Undirectional Young’s Modulus parallel to fibers 
Undirectional Young’s Modulus transverse to fiber direction 
Undirectional shear modulus 

Undirectional Poissons ratio (strain in transverse direction due to load 
in parallel direction) 


”21 



Allowable undirectional strength parallel to fiber direction 
Allowable undirectional strength transverse to fiber direction 
Allowable undirectional shear strength 


E 0 Logic for Determining Undirectional Moduli 

1. Using Equations 1 and 2 the value of E-^ and ^12 are obtained from the 0 C 
undirectional test specimen. - . 


n = 0; m = 1; 


'90 


l> 


12 


'x 


E. 


'x 


E, 


2. Using Equations 1 and 2, the value of E 2 and U 12 are obtained from the 90 c 
undirectional tests. 


n = 1; m = 0; 


: 0 


x 


1 

E„ 


'90 


x 


u 


12 


E. 
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3. Using Equation 3, the value of E , and are substantiated using the 45° 
tests . 

3 3 

n - . 707 ; m = . 707 ; m n = mix 



4. If correlation is not established in step 3, E 2 is adjusted- to give the best fit 
of the data in step 2 and step 3 . 


5. With E^, E -^2 and ^X2 established, the value of G^2 is obtained from the 20° 
and 60 specimens. Equations 1, 2 and 3 are used to evaluate Gx2. As can 
be seen from Figure 10-1 there is a high shear coupling in the 20° specimen 
and a very low shear coupling in the 60° specimen. 

Logic for Allowable Strength Testing 

1. Using the 0° specimens the undirectional strength parallel to the fiber direc- 
tion (F x) is obtained and correlated with the basic fiber strength. 

n=0, m = 0, F = F 

’.x 1 

2. Using the 90° specimen the strength transverse to the fiber direction (F 2 ) 
is obtained; 

n=l, m = 1, F x = F 2 

This specimen is very prone to premature failure due to stress concentra- 
tions and bending due to misalignment and may have to be discarded. 

3. The 60° specimen has close to zero shear coupling as shown in Figure 10-1 
and will give the best strength results because of no shear deformation. The 
transverse strength (F 2 ) is predominate. 



SHEAR STRAIN/AXIAL STRESS -( E X y/cr x ) (IN 2 /l_BXI0 6 ) 


0.22 


0.20 
0.18 
0.16 
0.14 
0.12 
0.10 
0.08 
0.06 
0.04 
0.02 
0 

- 0.02 
-0.04 
-0.06 

0 10 20 30 40 50 60 70 80 90 

FIBER ANGLE, 6 (DEGREES) 

Figure 10-1. Shear Straia/Axial Stress Coupling 
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With 0 = 60°, 


n 


rr 


0.866, m =0.5, 
0.75, m 2 = 0.25 
0.56, m 4 = 0.0625 




1 




x 


0.1875 





4. The 45° specimen has a moderate amount of shear coupling (Figure 10-1) 
and the shear and transverse strength of equal importance. 

With 6 = 45°, n = 0.707, ' m =0.707 
n 2 = 0.5, m 2 =0.5 

n 4 = 0.25 m 4 = 0.25 



f . The 20° specimen has a maximum amount of shear deformation and this 
test is used to find shear strength (F „) . 

6=20°, n = 0.34202, m = 0.9397 
n 2 = 0.117 m 2 = 0.88 
n 4 = 0.0136 m 4 = 0.78 



With this equation the shear allowable is predominate and a large error in the value 
F 2 will have a small error in the value of F obtained. 

6. With the data from the above tests, the shear and transverse strength (F 

and F can be determined. 

2 


G. Shear Coupling 

Equation 3 is the shear coupling equation and can be rewritten: 
€ _ 3 . 3 


c. 3 ^ 

Xy _ 2 m n + 2 mn 


'x 


E. 


E_ 


/I 2 u 12 \ ,2 2, 

(“G E ) (m " n > 

\ 12 1 / 


mn 


( 8 ) 
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or 






K„ 



where 

K = 2m 3 n 
Kg = 2mn 3 
Kg = (m2-n^)mn 


2u 12 \ 
E 1 ) 



( 9 ) 


Looking at the plot of Kj., Kg and K3 in Figure 10-2, it can be seen that depending on 
the unidirectional elastic moduli, these is some angle 0 where the shear coupling is 
zero. This point is at 0 = 58° as shown in Figure 10-1. The shear strain/axial 
stress coupling in Figure 10-1 was obtained for Morganite II and Glass fibers using 
Equation 9 and the values of K in Figure 10-2. The values of the unidirectional 
moduli used in this evaluation is shown in Table 10-1. 


TABLE 10-1. ESTIMATED UNIDIRECTIONAL MODULI OF MORGANITE H 

AND S-GLASS COMPOSITION 


Morganite n 

S - Glass 

E l = 22.4(10)^ psi 
Eg .= 3.8 (10) 6 psi 

U 12 = 0,048 
u Q1 = 0.298 

G 12 = 1.217(10) psi 

E 1 = 5.96(10)° psi 

E = 2.95(10) 6 psi 

2 e 

Uf2 ~ 0.143 

U 21 = 0,29 

G 12 = 1.01(10) 6 psi 


10.5 OMNIWEAVE TENSILE STRESS-STRAIN CURVES 

Figures 10-1 through 10-20 present the' tensile stress-strain curves obtained on 
Omniweave composites. 

10.6 PRELIMINARY OMNIWEAVE PREDICTION CURVES , 

10.6.1 S-GLASS OMNIWEAVE 

Figures 10-23 through 10-30 present, preliminary predictions of the mechanical prop- 
erties of S-glass Omniweave materials as a function of axial angle using a 45 degree 
projected radial fiber angle and predicted values not derived from the off-axis tests 
series. These curves are based on a- K factor of 1.9 in contrast to 1.0 used in Section 

6.2.1 and results in higher elastic moduli predictions with very little change in strength 
predictions . 
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Figure 10-3. Tensile Stress-Strain Curves - S21A-84 Axial Direction 


TENSILE STRESS (KSI) 



Figure 10-4. Tensile Stress-Strain Curves - S21A-84, Transverse Direction 



Figure 10-5. Tensile Stress-Strain Curves - S21D-104, Axial Direction 
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Figure 10-6. Tensile Stress -Strain Curves - S21D-104, Transverse Direction 
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Figure 10-7. Tensile Stress-Strain Curves - S21A/L-204, Axial Direction 
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Figure 10-8. Tensile Stress-Strain Curves - S21A/L-204, Transverse Direction 
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Figure 10-9, Tensile Stress-Strain Curves - G5 ID-96, Axial Orientation 
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Figure 10-10. Tensile Stress-Strain Curves G51D-96, Transverse Direction 
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Figure 10-12. Tensile Stress-Strain Curves - G51A/L-207, Transverse Direction 



TENSILE STRESS (KSI) 



STRAIN (%) 

t 

Figure 10-13. Tensile Stress-Strain Curves - I11A-101-1, Axial Direction 
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Figure 10-14. Tensile Stress-Strain Curves-IllA-101-2 
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Figure 10-15. Tensile Stress-Strain Curves -I11A-101- 3 




Figure 10-16. Tensile Stress-Strain Curves-IllA-101-4, Axial Direction 
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Figure 10-17. Tensile Stress-Strain Curves-IllA-101-6, Axial Direction 



Figure 10-18. Tensile Stress -Strain Curves-G71A-98, Axial Direction 
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Figure 10-19. Tensile Stress-Strain Curves-I11A-I01-A, Axial Direction 
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Figure 10-20. Tensile Stress-Strain Curves-IllA-101-9, Axial Direction 
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Figure 10«21, Tensile Stress*"Strain Curves-IllA-101-10 s Axial' Direction 
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Figure 10-22. Tensile Stress-Strain Curves-I11A~101-Il f Axial Direction 
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Figure 10-23. Axial Strength Predictions Using Max. Stress Criteria - 
S-Glass Omniweave Composites 
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Figure 10-26. Margins of Safety (Thermal plus Mechanical Loading) - 
S-Glass Omniweave composites 


10-34 





®3i -45° 

K- /.? 






T 



10. 6. 2 MORGANITE H OMNIWEAVE 

Preliminary Morganite II Omniweave strength prediction, modulus and thermal ex- 
pansion curves for LID and 45 degree fiber pitch angle configuration are shown as 
functions of the defining fiber angle in Figures 10-31 through 10-54. Axial strength, 
and Ei test values were plotted on those prediction curves for the LID configura- 
tion, Various sources of binder and fiber property inputs were then used to yield 
better test data correlation. 

Figures 10-32 through 10-34 show the strength and moduli curves using the basic 
fiber and binder properties, given in Table 6-2, as input into OMNI for an LID con- 
figuration, A K factor (multiplying factor) of 1,9 for the binder modulus was used as 
the result of an evaluation study of laminated boron composites. 

Figure 10-31 shows the strength prediction curves for a unidirectional transverse 
strength of 9, 000 and 3, 000 psi. The two curves form an envelope about the test points 
which indicates a true unidirectional transverse strength between 3, 000 and 9, 000 psi. 

Analysis using basic fiber and binder properties (Figures 10-32 through 10-34) was then 
compared to analysis using published unidirectional composite test data (Figures 10-35 
through 10-36) and a K factor of 1.9 for input into OMNI. Inputs used corresponding 
to each figure are given in Table 10-2. Better test data correlation was obtained using 
the published unidirectional test data for input. Further analysis of Morganite n using 
recently published data is presented. 

Closer correlation was obtained using binder strength of 6000 psi, again indicating a 
binder strength of less than 9000 psi. 

The results given above indicate the importance of determining, by test, unidirectional 
properties for input into OMNI to obtain a true prediction curve. Table 10-4 gives the 
critical factors in determining property values for Omniweave with a LID fiber con- 
figuration. 

Figure 10-48 gives the axial, hoop and radial strength prediction for Morganite II LID 
Omniweave. As indicated, high strengths are obtainable in only 1 direction. Other 
moduli and thermal properties are shown in Figures 10-49 and 10-50 and are dis- 
cussed under general data trends. A K factor of 1.9 was used in generating these 
property curves and also the curves for Morganite n 45 degree FPA standard Omni- 
weave, shown in Figures 10-51 through 10-54. 

10.6.3 THORNEL 5 OS OMNIWEAVE 

Property Prediction curves for Thornel 50S for a standard 45 degree FPA configuration 
are shown in Figure 10-55 through 10-62. Basic fiber and binder properties (Table 6-2) 
were used as inputs to generate the prediction curves. Property predictions for a five 
degree radial angle 18 degree LID configuration are given in Table 10-3. 
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TABLE 10-2. BASIC FIBER AND BINDER PROPERTIES USED 
IN PRELIMINARY PREDICTIONS 


Material Properties 

Figure No. From Table 6-2 Used K-Factor 


Material Property 
Inputs Varied 


10-31 


P 22 " F 12 = F 2S = 3000 PSi 


10-32 to 10-34 


None 
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pb, of 


Northrop basic fiber data 
E^ = 40 x 10 6 psi 

F = 114, 000 psi 
F 12 = F 22 = 10> 000 PSl 


AFML Undirectional Test Data 
0 

E f = 28.5 x 10 psi 

F 11 = 88, 500 PSi 

F 12 = F 22 = 10 » 000 PSi • 


10-30 


Ob, of 


E f = 28.5 x 10 


10-37 


Ob, Of 


AFML Undirectional Test Data 
E = 28.5 x 10 6 

F.. = 88, 500 psi- 
11 

F 12 = F 22 = 9000 PSi 


10-38 through 
10-54 

10-55 through 
10-70 


F 22 = F 12 = 6000 PSl 


None 


None 


*NOTE: Except as noted, a unidirectional shear and transverse tension strength of 
9, 000 psi was used. E^ = 0.54 x 10 6 x K psi 
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TABLE 10-3 . PROPERTY VALUES FOR OMNI WEAVE COMPOSITES WITH A 
18° LAYERED IN DEPTH FIBER CONFIGURATION 



6 12 = 5° 

V = 0.65 
I 




Morganite H 

S-GIass 

Boron 

Thornel-50 

E (10 6 psi) 

20.2 

6.07 

29,4 

20.9 

E 2 (10* psi) 

6.0 

3.51 

6.39 

4.61 

E 3 (10 6 psi) 

5 # 4 

3.27 

5.78 

4.17 

G 23 (10 6 psi) 

2.1 

1.23 

2.25 

1.57 

G 12 (10 6 psi) 
G 13 (10 6 psi) 

1 8 

1.08 

1.9 

1.39 

3.5 

1.44 

4.69 

3.36 

n ^ 

0.18 

0.266 

0.137 

0.138 

21 





n ^ 

0.61 

0.427 

0.751 

0.751 

31 





o 

12 

0.055 

0.154 

0.029 

0.03 

U 13 

U 23 

0.17 

0.230 

0.148 

0.15 

0.344 

0.367 

0.345 

0,382 

u „ 

0.378 

0.394 

0.381 

0.422 

32 

Axial Strength 





(psi) 

120, 000 

64, 000 

86,000 

160, 000 

Margins of Safety 





With Thermal 

4.4 

6.64 

3.98 

4.22 

Loading of 
-100° AT 





-100 AT + 10, 000 psi 

2.8 

2.49 

2.80 

2.9 

Axial Loading 





cel (10“ 6 IN./°F) 

1.46 

5.63 

1.18 

0.93 

2 (10 _6 IN/°F) 

21.2 

25.9 

21.4 

27.3 

cr 3 (10“ 6 IN./°F) 

20.4 

25.4 

20.4 

25.8 
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TABLE 10-4. CATALOG OF CRITICAL FACTORS FOR MORGANITE H 
OMNIWEAVE WITH A LID FIBER CONFIGURATION 


1. K factor - Multiplying factor for binder modulus - 

A K factor of 1.9 was used in the initial analysis. 

A K factor of 1 yields the best correlation with test data. 

2. Fiber Modulus - Two moduli were used in analysis - 

2 6 

a) Basic fiber modulus from published data (E^ = 40 x 10 ) 

b) Unidirectional composite moduli from published 
data 11 (E f = 28.5 x 10 6 ) 

Lower modulus yields lower strength allowable and better correlation 
with test data. 

3. Binder strength - 

A binder strength of 9000 PSI was used in the initial analysis. The actual 
binder strength appears to be about 6000 PSI. 

4. Fiber strength - 

The fiber strength is not critical for 63^ greater than 60-75°, 
depending on binder strength and modulus used. 


10.6.4 BORON OMNIWEAYE 

Property prediction curves for Boron Omniweave in a 45 degree FPA configuration is 
presented in Figures 10-63 through 10-70. Basic fiber and binder properties (Table 
6-2) were used to generate the prediction curves. Property prediction values for an 
18 degree LID configuration (radial angle = 5°) is given in Table. 10-3. 

10.6.5 MARGIN-OF-SAFETY AND THERMAL EXPANSION PREDICTIONS 

Margins-of-safety values for thermal loading only were determined for all materials 
for a 45 degree FPA fiber orientation. Near zero or negative margins of safety were 
predicted for values of ®12 between 0 and 60 degrees. The high residual stresses 
resulting from thermal loading may be attributed to the high binder coefficient of 
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expansion (or g = 45 x 10 “ 6 °F), which in reality is probably much less. The margin 
of safety curves show an extremum point at 0-j^ = 50° where failure is in transverse 
tension (see Figures 10-64, 10-57, and 10-65) . 

Analysis indicates a zero or negative coefficient of thermal expansion in one direction 
is possible for Omniweave constructions of certain fiber materials and specific fiber 
angle orientations. Figure 10-44 shows the effective thermal expansion coefficient 
as a function of 03 1 for Morganite II Omniweave with a LID fiber configuration. 
Negative values in the axial direction were obtained for 03 i between 60 and 70 degrees. 
These results are similar to those given by Dow and Rosen^ ^ for laminate composites. 
Negative « values in one direction were also obtained for Morganite II, Thornel-50, 
and Boron Omniweave composites with a 45° fiber pitch angle geometry (see Figures 
10-48, 10-62 and 10-70) . 

As indicated, negative « values were obtained in the radial direction only. As with 
2-D composites the coefficient of thermal expansion decreases with increasing fiber 
modulus. 
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Figure 10-31. Axial Strength for Morganite II Omniweave Composites 

Using Max. Stress Criteria 
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Figure 10-32. Axial Strength of Morganite II Omniweave Composites 
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Figure 10-33. Elastic Moduli of Morganite n Omniweave Composites 
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Figure 10-34. Poisson’s Ratio of 
Morganite II Omniweave Composites 
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Figure 10-35. Axial Strength of Morganite -II Omniweave Composites 
using Hill’s Modified Failure Criteria 
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Figure 10-36. Longitudinal Elastic Modulus of 
Morganite n Omniweave Composites 
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Figure 10-38.- Strength Prediction Curves for Morganite II Omniweave 
Composites using Hills Failure Criteria 
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Figure 10-39. Elastic Module Prediction Curves for 
Morganite II Omniweave Composites 
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Figure 10-40. Margins of Safety (Thermal Loading Only) for 
Morganite n Omniweave Composites 
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Figure 10-41. Margins of Safety (Thermal Plus Mechanical Loading 
for Morganite II Omniweave Composites 
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Figure 10-42. Shear Moduli of 
Morganite n Omniweave Composites 
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Figure 10-45. Radial Strength of 
Morganite II Omniweave Composites 
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Figure 10-47. Hill's Margins of Safety -for 
Morganite II Omniweave Composites 
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Figure 10-49. Poisson's Ratio of 
Morganite II Omniweave Composites 
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Figure 10-50. Poisson's Ratio of 
Morganite II Omniweave Composites 
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Figure 10-51. Shear Moduli Curves for 
Morganite II Omniweave Composites 
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Figure 10-53. Margins of Safety (Thermal Plus Mechanical Loading) for 
Morganite II Omniweave Composites 
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Figure 10-54. Margins of Safety (Thermal Load Only) for 
Morganite II Omniweave Composites 
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Figure 10-55. Axial Strength Curves for Thornel 50 
Omniweave Composites using Max Stress Criteria 
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Figure 10-56. Elastic Moduli of 
Omniweave Composites 
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Figure 10-58. Margins of Safety (Thermal Plus Mechanical Loading) for Thornel 50 

Omniweave Composites 
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Figure 10-61. 
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Figure 10-64, Elastic Moduli Boron 
Omniweave Composites 
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Figure 10-65. Margins of Safety (Thermal Loading Only) for Boron 

Omniweave Composites 
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Figure 10-67. Shear Moduli Curves for Boron 
Omniweave Composites 
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Figure 10-68. Poisson's Ratios of Boron 
Omniweave Composites 
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Figure 10-69. Poisson's Ratio Curves for Boron 
Omniweave Composites 








Figure 10-70. Coefficients of Thermal Expansion for Boron 
Omniweave Composites 
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